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ABSTRACT

This report picsan;s the resmIts of a concerted effort to arrive at a suitable ,ythematc-al
description of human operator dynamic response. The investigation has been primarily comc6 erw-neih"'
operations in which continuous closed-oop-conuol-is-exeted in a yisusl.ipput,_nu output tramc ing
situation subjected to excitation by random appearing forcing functions.

The basic input to the study was a relatively large body of data on human response char-
acteristics, some available from tarlier investigators and some from concurrent experiments. All of
the dean available, published or unpublished, were considered in arriving at the variou descriptions
of interest. Generally speaking the best-designed and instrumented experiments yield data in two
parts. The first is that portion of the operator output response linearly coherent with his input and
generally taking a describing function form which involves amplitude and phase information as a
function of frequency. The second is that portion of the operator's response not linearly coherent with
his input, the "remnant". This latter part, by its basic nature must be described by statistical quanti-
ties. A portion of the report is devoted to an exposition of the mathematical basis for the models de-
rived and measurements taken, and possible sources of the remnant.

All of the quasi-linear describing function data obtained, including some presented for the
first time, were curve-fitted to yield simple mathematical expressions which are descriptive of the
linear portion of the operator's response for varying machine dynamics and forcing funtions. The
available remnant data statistics are correlated with task difficulty and an attempt is made to "ex
plain" the remnant in terms of three logically distinct sources, each resulting ;n equivalent operator
n" ,; ,- On th haiaq% nf thenp correlations and explanations it appears possible to define math-
ematically, within limits, the dynamic behavior of the operator for the class of talks considered. The
definition becomes increasingly questionable as the demands of the tasks increase. The simple tasks
can further be used to define a "preferred" operator describing function form at that definitive criteria
for the improvement of a man-controlled machine is established.
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C/E Russell's open loop operator describing function

dForcing function amplitude (rms)

Ae0(t) Operator output discrete response component

E Transtorm of error

E( Fwpprred valve of ( )
/ Frequency

f Statistical degrees of freedom

I Cutoff frequency

[4 Undamped natural frequency

Frequency of first zero of a spectrum

[(t) Time function

T Mean frequency of a spectr.

Er,r spectrum mean frequency

F Statistical Distribution

F Transform of time function

3Fourier transformation

Inverse Fourier transfozsnation

g( ) Arbitrary probability distribution function of

S.) Polynomial in W0j

G(f),G 1 (() Open loop operator describing function (Elkind)

"Best" weighting function

b(r) Closed loop weighting function; i.e., system time response to impulse function

h. (0) Polynomial in 61

H,H(s),H 1),HH() Closed loop transfer function f
t) Closed loop, time varying, describing function

AH(W) Time varying component of H(jon,t)
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1A Averge value of closed loop describing functionj 115 (ja) Frequency varying component of 1(lo, t)

i, .Q) orcine fwction

wd(or) A larticular definite integral (abbrev.) -

12 A particular defitite integral (abbrev.)

A Constant

K, K,, Human operator transfer function gains
r

KC Calculated gain

I Kr Controlled element Maian
z Laplace transformation

n Number of runs used in average

n, n(f) Closed loop remnant

n(t) Operator direct response remnant component

n*)Operator remnant, open loop
IMean equate closed loop remnant power

N_ Transform of open loop remnant 31n,()

p Airframe mte of roll

I/ Pilot (human operator) subscript

Probability distribution function

P(n, r) Poisson distribution

Pi(f) Pursuit compunent of operator describing function (Elkind)

q Airframe rate of pitch

r Airframe rate of yaw

T(O) System output

R Correlation function

R(joi), R(s) Transform of system output

R,,(r) Output autocortelation function

R1,f(r, o) Correlation function of time varying transfer function

Raa Autocorrelation of the time varying portion in the closed loop transfer function l(Wjo,t)

R,,(r) Forcing function - output cross correlation function

Ra"(r) Autocorelation function of the input

Rj,(r) Cross correlation functior, between input and response

Ranr Autocorrelation of the remnant, closed loop

R,,,(r) Autocortelation of the remnant, open loop, at operator's output

RAi(r) Autocorrelation of the remnant, open loop, at operator's inputI

R, (r) Cross correlation function between system output and forcing function
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R,, WA utocorrelation function of the system output

Rft(o) Mean square error

R I(r) Error autocorrelation

- - Lplaceoperatox ---

Time

T Time limit of integration

T Transfer function time constant

T!  General lag time constant for hunian operator transfer function

TL  General lead time constant for human operator transfer function

7 General lag rime constant (neuomuscular)

To, T, Elkind forms equivalcnt to T eAd TN

U0  Airframe steady-state forward velocity

fJi Velocity input

,(u), U,(x), wr) Optimum weighting function

x Independent (probability) variable

X(W) Statistical tandoni variable

YC Controlled element weighting function

yp Operator veighting function (I input compensatory)

y.. Operator weighting function (2 input ptuait)

ype Operator weighting function (2 input pursuit)

Y Describing function

Y(jo, t) General human operator time varying transfer function

AY(t) Time varying part of Y(jt,ft)

Y(s) Transfer function giving a(r) from t(i) for step input in nonlinear system

Ye Controlled Element transfer function

Yp Bandpass filter transfer function

YN Neuromuscular lag transfer fun, tion

YP Operator describing function

YP,' Y' YP, Operator's describing function

Y",(-0)  Describing functior operatinrg on !

Y"t True value, operator's open loop transfer function

Y,(.) Describing function operating on E(s) 3

Y0(jo) Frequency varying part of Y(jwa, t)

z(u), z(x), z(r) Arbitrary ((z) with continuous derivative x, < x e x,
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a Ratio of lead to lag time constants

a, a, Ratio of frqqupncy o paqural frequency (a= w1o0), . o jL ) -. r
-........ Number of axis crossinas, per seaond,-of the error s ." -

Se, d() Error -- . . . ...- _* .

e, Stall spectral error qantity.

fiN Eror between input and remnant

E5+'jr Complex spectral error

Damping ratio of second order transfer function

o Airframe pitch angle

A Small coefficient

p Linear correlation

p. Average linear correlation

o Standard deviation

of, Spectrum standard deviation

01 Variance

Mean square value of AH(t)

-i Mean square value of forcinR function

-11 Instrument and computer errors, component of variance

Mean square vp.lue of rentant

Sampling errors, component of variance

t7 Variance of the error spectrum

o. Sum of the components of variance a? and o

Summation

r A variable

r General finite time interval

r Time delay

r, Approzimate value of r

Phaue angle

Phase qcowponeot of fit

*Spectral quantity

1(g) Error function

Operator output spectral density

Error spectra

OUR Raw or unsmoothed error spectra

off Forcing function spectra

oejw Power spectral density of AH(t) due to nonsteady behavior
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04180('a) Power spectral density of AH/(t)-

lot. Cross spectral density function (fOTcing function - operato'a-outptt) W i
IU Forcing function powq gp¢ I dt0nJy

oft€w) Forcing function spectral dens!ty

*sr(0) Cross spectrm! density (forcing function -- system output) -. ..

0i,€ Cross spectral density iunction (forcing function - operator's remnant at output)

Oit Cross spectral density function (forcing function- system error)

0.(w) Measured spectrum

Cross spectral density function (remnant - torcing function)

Closed loop remnant

Open loop remnant, operator's output

Open loop remnant, operator's input

OP Spectra (jab lags)

0'(J) True spectrum

Off Power spectral density of the error

x a  Chi-square statistical distribution

V, Airframe azim.uth anle

61 Angular velacity (frequency) in rad/sec

Ico Cutoff f "cquc-cy c
oun Natural frequency

oWny Nyquist or folding frequency

< > Ensemble average

zAngle

[I IMagnitude

A Small (differential) element
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-. - ___ __DYNAMIC RESPONSE- IF HUMAN OPERATIR$ .. .--...S---

IMTRODUCTION

PROJECT BACKGROUND

At the present time the Aeromedical aud Flight Control Laboratories are sponsoring a series of coordi-
nated contracts with the Franklin Institute, Princeton University and Control Specialists, Inc. aimed at the gather,,g
of human response data and the application of theme data (o aircraft design. The overall task can be divided con-
veniently into three logically consecutive phases which outline the specific areas of activity engaged in by the
three cEtractors.

(1) The development of measurement concepts, and the design of experimental procedures, simulator
and data reduction equipment, etc., and their application to the direct measurement of human response
characteristics in ground based simulators. This activity, together with human response data-reduction
for the entire program, is performed by the Frankiin Institute under Contract AF 33(616)'2804. In term%
of the overall program, the fundamental research result from Franklin is an indication of what pilots do
in a ground simulator environment.

(2) The design of experimental procedures, simulator and flight test equipment, etc., and their applica-
trio to the direct r,easurcmcnrt of human responsc char.acteristics in the uir and on the ground. This
phase is performed by Princeton 1'niveraity under Contract AF 33(46A)-2506. The bauic research result
is expected to be an indication of the differences in pilot behavior on the ground and in the air.

(3) The compilation, correlation, and codification of human rcsponse daLa, iu€lulizng pertinent handling
quality information, and the analytical application of these correlated data (or their logical extension),
to aircraft design. This phase is performed by Control Specialists, Inc. under Contraet AF 33(616)-3080.
The fundamental research results ate expected to be:

a. A summary and engineering evaluation of available human operator data resulting in
applicable mathematical or analog descriptions representing the pilot as a system element.

b. A compilation of pertinent handling quality and pilot opinion data obtained from airframe-
pilot flight studies, and an attempL to corrt'ati. these data with the operator models derived
above.

c. The development and assessment of practical engineering methoda employing these
human response data to pilot-airframe systems.

This report presents both the results achieved by Control Spcciallsts in item 3-s ibove, and some of the results
achieved by the Franklin Institute to date.

From the outset, the overall Air Force program has been predicated on the importance of the pilot as a
r-.,itnunus Closed loop control device in the pilot-airframe system. The original emphasis oi ground simulation did
not imply that the pilot responded to visual inputs only, but rather that such inputs were most important for the
tracking tasks under study. A validating flight test program to determine the effects of added inputs due to accel-
eration and orientation changes during flight, and the effect of an actual versus simulated environment on the pilot's
control characteristics was envisioned from the very beginning. This report deals, except for one minor exception,
with tracking tasks for which the inputs to the man are visual only. The following practical examples of pilot tasks,
wbich can be called tracking, will make our reasons for emphasizing the visual input channel more obvious:

a. aspects of the collision type courses flown in rocketry and approach situations
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b. pursuit courses flown in gunnery

c. "constant range" tiackin& In formation flying . - - - -
d. "infirte range" tracking which appro imtx niny istances . .sucnora T .. -

staltto and control problms a ough weather flying--horinrl tiv nteartd - --

so fbrth..

The foregoing tasks are all characterized by the fact that they may be diffiult to perform, especially
when externally applied inputs may be tending to drive the aircraft from the desired course. In some of the-e situ-
ations the pilot is extended to his limits of performance, hence it becomes ;ecessary to examine the other compon-
ent, of the pilot-aircraft system in search of possible techniques to compensate for deteriorating manual performance.

This compensation directed toward the improvement of the pilot-ai.crait system would proceed as follows;
To begin with, a criterion or criteria of system performance would have to be specified, Then one of two procedures
could be followed:

1. Theoretical

The various system elements and their iterrelations could be described by some compn.tible mathematical
scheme. The,, ki-owing which elements and interrelations would permit modification, the system could
be redesigned about the fixed characteristics to approach or equal the specified optimal performance.
In the problem of the pilot-aircraft system the straightforward mathematical scheme to apply is linear
servomechanism theory. Consequently the key problem in this approach is to determine the feasibility
and then the description, if any, of the key fixed element, the pilot, in terms of cervo theory.

2. Empirical

The systeu would be act up, preferably in the air, though possibly some aspects could be studied by
the ground simulation, and the various components of the system varied according to some experimental
schedule. As in the theoretical approach the fixed element, the pilot, is the key problem. Either a
Standard American Pilot must be supplied for the rests, or an adequate, and presumably large, number
of pilots must test the system. Also, since there is no description of the range and adaptability of the
pilot's performuance available, the only way to determine whether the pilot is tracking at the limit of his
ability is to ask him.

It would be extreme to claim that the foregoing dichotomy is complete. In usual practice the two
approaches are coitplementary, although one may be favored over the other, The important point about the two
approaches is that they are headed toward the same goal. Should they reach different conclusions about the speci-
fications for systems design, it will be necessary to resolve the differences by a painstaking evaluation of the
possible causes of difference.

In human pilot-airframe systems studies these two approaches have been roughly fleparated into human
dynamics research, corresponding to the theoretical approach, and handling qualities research, corresponding to the
empirical approach. The respective basic questions being: "What does a pilot do?" and "What does a pilot like?"

The question "What does the pilot like?" is nor always asked explicitly since excellent performance is
sometimes interpreted as evidence of prefrence. Actually a large number of human operator performance, as distinet
from human dynamics, studies are empirical in the sense we have described. Logical consistency demands that the
results of studies applying human response data to airframe pilot systems should be highly correlated with handling
quality tests. Since handling qualities tests involve rankings and questionnaire analyses these correlations may be
qualitative. If this correlation is not forthcoming, the entire sequence of human pilot research (including portions

of many of the ground simulatot-display-operator systems programs) will have lttle value in the design of servo I
systems composed of the airframe-pilot combination; since pilots, not engineers or psychologists, ace the final
jadges of aircraft handling qualities.

At the outset of C.S.l.'s program there had been no extensive attempt to correlate the mass of existing
human operator response data with the even morc ma-sive flying quality data, although valuable work had been doneI
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in limited and specific areas. Therefore, such a correlation was considered to be an extremely important part of .

C.S.l.'s effort.

Before the data obtained in the handling qualities and operator tetv..ose-fields au-ddbe-compd;-it -
was necessary to codify, correlate Wnd summatime the information within eacb -Von" hi-

not as awepori; ats ik iit. have-been, as ptevious,.workersaAA &at y mae_~ 1tt -

pared with the results of other efforts. In the human response measurement field some codification and-summauies--___ .-_

existed, but little work had been done on showing the compatability of data from diverse sources.

It wai. therefore decided that C.S.l.'s efforts would be programmed as follows:

(1) Summarize and attempt to correlate the various human response studies available.

(2) Compile, and attempt to correlate, pertinent handling-quality and pilot opinion data obtained from
airframe-pilot system flight studies.

(3) Attempt to correlate the data and hypothesis of (1) with the consequences of (2).

(4) Finally, if (3) was reasonably successful, apply the human response data to pilot-airframe design
problem:.. This final item was considered to be a meaningful (assuming success on item 3), and
relatively simple servo analysis problem.

At the present time a major portion of the work involved in summarizing and correlating the individual
fields of human response and handling quality items has been accomplished, though only the first is documented
here.

DESCRIPTION OF THE HUMAN OPERA'fOkt

Many agencies and individuals, both in the USA and abroad, have contributed substantially to the state
,,f knowledge of human reuponse characteristics. in most instsnces, however, their data have not been compared.
since different means were used to determine the response (Iata, different tasks were set for the operator, different
operator inputs were utilized, only small populations were studied, and the data were presented in different forms.
A cursory review of the situation indicates that, even though the data are as yet statistically insufficient, reasonable
compatability may be found between the results; and some generalizations about human behavior in particular tasks
can be hypothesized.

The type of human response measurements of most concern to this program are those involved in closed
loop central tasks yielding pilots' transfer characteristics for particular routine functions, such as stabilization and
tracking. A unique transfer characteristic for even these simple tasks cannot be expected, since a formal descrip-
tion of the pilot will depead upon at least the following factors-

(1) The charact6ristics of the controlled elementb. (The operator, to be successful, must adapt his
transfer characteristics to that form required for adequate stability and performance.)

(2) Thbr -itt :ular type of input impo.;.d and its degree of predictabiity.

(3) The actual individual reaction times, thresholds, etc., of the human during the particular operation.
(There are variations hetween one individual and another, which depend on the populations sampled,
and even with a single individual at various times. Any proposed set of transfer characteristics would
certainly have to allow for individual differences.)

(4) The motivation, attention, previous training, and general psychological and physiological condition
of the human at the time of the operation.

From these considerations, it is clear that out hypothetical mathematical model must be able to describe a mechanism
which: a. adapts itself in some way as a function of the inputs imposed and elements controlled,

b. may have fairly wide individual variations in the parameters adopted,
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e. is efiable of euwtipt-darion t, ireai t-it2 by training o~r at the3
operator's volition.

At present the individual 4ffaroncos-in patameters must be largely. ianchwr-altme -diet arc fewm data. Aitant datwi
* with mesaonable populations.- Similarly we'-will be idglsroaay very littl* glt t ie CLri of Moiti qttenjg

and training. The ad~~laipts ofe transfer chkia:ezaJ c e hoih inpiis ~ rind_51 f lfn

mattcr, arid is used here as a basis of classifying post experiments.-

The technique for achieving useful-transfeir--haiceeiiiiics must accounit for the following. --Firs.ly,- in-
* order to be readily applicable, the transfer characteristic must .ic linearized, and secondly, this characteristic mnust

be generalizable beyond the meftauuing experiment. Since it is the- verdicet of. past experimenters that-t1.e human -

operator is nonlinear to some extent in any given task, the foregoing present problems Of central ifeP.MftraCe, This-
report discusses two approaches to these problems:

a. a linearized transfer function plus a remnant not derivable from the input by
any linear operation

Ii. the use of analog computer elements to construct the model.

The generalizability of the measurements, always a problem with nonlinearities, is approached by using
v+r!-eet-entially a very general aort of input function. The direct attack using a nowiitAr model has yet to be

successfully applied to continuous closed loop human operator tracking.

To have a complete picture of the operator from a pure performance standp~oint, we need to know the
answers to two questions. The first is:

a. In a given situation how will the operator perform?

b. From n rtrformantr -tndp.iw. iq Own-r. anythinp to be Fained b'1 havzils the
operator perform in some specified way?

Partial answers are given to both of these questions in this repurt. The first is answered by the use of an adaptive-
orimalizing model developed to be consistent with all of the available data. This model can be used, with caution,
for stability and limited performance predictions of manual control systems. The second question is answered by
defining the preferred operator form and, in a restricted sense, the human's response when operating with this form.

GEt4ERAL ORGANIZATION AND BRIEF SUMMARY OF THE REPORT

While the report has a total of eleven sections, it can be divided more generally into three major parts.
The first part (Sections 1-111) is primarily background information to give the reader a general idea -of the types of
manual control systemr. of interest here, a comprehension of the historical background of human dynamics retrearch,
and a feeling for the ,m~tematical models and techniques required to describe the human operator adequately.

The summary conclusions of the first part of this report are;

a. There are reasons to hope that a linearized transfer function, i.e., describing
function, can be found to characterize manual tirking.

b. Getussian input signals are the "appropriate" inputs to be used in obtaining
describing functions from human opetatora. In practice, random appearing inputs
are adequate.

c. The linear correlation between the tracker's input and output, obtained as a
function of frequency, is a crucial quantity since it determines the magnitude of
the remnant term.

d. The remnant may be described by various theories. Although it is probable

that the remnant arises from a combination of sources, it is impossible to aecom-I

pose a measured remnant into components which may be assigned to -.1ecific
sources.
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The second part (Sections IV-VUII) constitutcs a detailed summay of all the prsny m-Haul~e maat
human dtynamic response data measured under conditions such that -oly an gzor strial i dAn" :--.77d
tailed examination and attemptd explanation of these data 4n- The rse --
of impomanuc taken in these sections is ihe organizatian of the data R-f cvanouLexnenmenters ommon form-
This is falihred by the development of approximate analyicl iif _lrt f i- C
to interpret the data from the individual sources. ---- ----

The summary conclusions of the second major division f this reporrai - -(0 lows:

a. It is possible, without doing violence ro the data, to obtain describing functions
which are generally applicable to the results of the many diverse experiments.

b, The magnitude of the remnant is directly proportional to the task demands.
The tusk demands, in turn, are mainly functions of the input forcing function
and the controlled element's dynamics.

c. Although motivation, instruction, training, and so forth can increase the
variability of describing function measurements, the differences in describing
functions due to individual differences can be made negligible by both training
and selection procedures. Training alone suffices for simple tasks, whereas for
complex tasks, such as flying an aircraft, selection of subjects is quite important.

d. The results of analog computer simulations of the human operator are compatible
with the results of direct measurements of describing functions. Fach method
complements the other in affording insights of tht underlying process.

The third major subdivision of the report (Sections IX and X) is concerned with attempted generaliza-
tions of time consequences of the individual data. These generalizations take the forms of hypothetical operator
moxels for the tracking tasks examined. These models are in two categories - a general one attempting to provide
the analyst with a mathematical description of the operator for various system conditionsi anti the other a "preferred
form" which can le used to give the analyst an idea of both the upper limit of system performance and the type of
modifications which would be required to the system to achieve this "optimum" condition. By having both of these
models, the analyst can assess the performances of particular system configurations and compare them with a more
or less theoretical optimum which could be obtained if system performance alone were the sole design objective.
Since other factors are often as important as dynamic performance, the designer must usually arrive at a compromise
based upon judgment. Having information of the degree of performance degtedation, based upon some theoretical
(and practically obtainable) optimum, offers extremely valuable assistance in attaining a suitable overall design
compromise.

In summary this last major division comes to the following conclusions:

a. The general operator model is that of an adaptive and optimaizing device.

1. adaptive in that input signals and controlled element influence the choice
of parameters

ii. optimalizing in that parameters are adjusted for best performance consistent
w'ith stability requirements.

b. The preferred form of human operator performance is one in which so lead terms nee! be generated,
and the operator may or may not act as a smoothing circuit with a long time constant.

c. Whether the system should be designed about the man so that the demands on him are lightened in
the sense of (b) must be determined by overall considerations of logistics, reliability, and so forth.

The final section of the report (Section XI) is a general summary of operator response in pursuit track-
ing, e.g., tracking tasks for which both the input and the operator's response are displayed and their difference is
the error signal. From a logical standpoint pursuit systems should be treated in the same fashion as those systems
di :playing error only, or compensatory systems, of Sections V through X. Unfortunately, however, the study of
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transfer characteristics in pursuit systems has been restricted to a very small number of caseu aud 8c ai'liza tia
cannot be made based solely on these data. We do feel tha[ pursuit systems have nmerit in many applicatiors, so

the secLIon has been added to th,: rFpnrt for completeness. The conclusions of Section Xl are that pursuit-traeking,
by allowing the operator to predict and thercfqre decrease his phase to, enables the operator to use higher gain,
The result of this is better dynamic performance and smaller errors.
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Section I

TYPES OF MANUAL CONTROL SYSTEMS

The behavior ot human beings as elements in company with other components of nt o -

depend both upon tl'e capabilities of the human and on the external environment. -By hjisability lpordi .
acteristics to match appropriately the many possible control situations, the human must be considered a unique
control system component. The very fact of this adaptation makes description of the operator enormously complex -

when -lewcd in the large, and makes it desirable to try to set up some simplified, constant situations within which
one may have some hope of obtaining a reasonably simple behavioral model.

In order to deal with the control situation with any degree of confidence, therefore, it is necessary
that the goals of the controller and the constraints or rules governing his interactions with the syscem remain
reasonably constant over the duration of interest. Thus if we consider the example of a duck hunter scanning a
flock of birds, each exciting his interest and making him hesitate in indecision before aiming for a particular bird,
we hove a problem of resolution of purpose or goal orientation. Similarly, the hunter might be assumed to have a
gun whose behavior was unknown to him, its shot spread, range, recoil, or accuracy might vary in an arbitrary
manner. This type of problem illustrates an unfamiliarity with the rules governing the controller's interactions
with his environment and his problem. In this report we are not interested in either of the above problems. Out
emphasis is on that phase of duck hunting where a reasonably experienced hunter is leading a flying duck with his
shotgun. We want to be able to describe the hunter's dynamic performance. We never got around to describing
duck hunters, but we do attempt to describe the manual processes for minimizing visually perceived errors lhy
cxcrcising continuous control so as to match visually presented input and output signals. This is what we define
as tracking. 'ith our interests focused on trackinp,, we can now attempt to classify tracking problems for our civi-
ceptual convenience. Our criteria for classification will be based on the type of information which the stimulus to
!: tricked rind the controller's response present to the controller us a basis fox futaue itacking decisian. In appli-
cation, these criteria result in three limiting types of classifications, defined as follows:

Prucognit ive

This condition exists when the operator has complete information about the input's futurc and a stimulus
can trigger off a repertory of practiced, properly sequenced responses. In a sense, the situatiop itbclf
may be -lwa itir'alus. Thus throwing a baseball at a target is precognitive behavior, an is steering a car
out of a skid, or navigational flying under VFR conditions. The operator doesn't need to maintain a
frequent check or, the individual responses in a sequence. Instead end product responses ore monitored;
such as, "Did I hit the target?", "Am I still skidding?" or "Have I passed over a given filP" In that
continuous close control is not maintained on the perceived error, precognitive behavior is nor tracking.
However, we have included this behavior because occasionally tracking approaches these conditions.
One might call precognitive behavior open loop conerrl.

Pursuit

In pursuit behavior past experience provides the tracker with information about what to expect in a
future input, but he must operate in a closed loop fashion with visual feedback about his responses.
In this form of tracking the operator's corrective responses can be distinguished from his input. The
reader should realize, however, that these responses are displayed after they have been modified by
the system dynamics. Our duck hunter aiming for a bird using an open sight is an example of pursuit
tracking.

Compensatory

Compensatory tracking is the same as pursuit except that the visually displayed effects of the control-
ler's responses are not distinguishable from the system's input. Were our duck hunter aiming for the
3-ik usir.,g tclc - ;pic Sight= with a small field of view, we would have compensatory tracking. Since
in compensatory tracking the visual display is the system forcing function minus the modified controlresponse, the operator can determine the effects ol control motion alone only under zero input conditions.

in this report we shall be concerned only with certain members of the pursuit and compensatory classi-
f'cations. This study is specifically applied to manual control systems where the operator has the more or less
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continuous task of trying to effect some degree of match between a visually displayed input quantity and a visually
displayed output quantity being controlled,

For the conditions of concern in this report the classifications above can be conveniently thought af'
as defining the type of display. Figure I illustrates the general nature of puie pursuit and compeniatury disp ljs j

"AGt FOLLOWER" W+ S

/ -

E- ,(t) -.-

a. Pure Compensatory Display. b. Pure Pursuit Display.

Figure 1. Compensatory and Pursuit Displays.

In the compensatory display the operoror in prcsented with an input consisting only of an indicator showing the
diffe:,nce, or error, (t), between the forcing function i(t) and the system ,utpur, r(t). The operator's task is to
minimize the error signul presented by trying to keep the circle superimposed on the stationary clot. In the pursuit
display the operator sees both the input and output of the system. Again the operator's task is to minimize the
error existing between the locatio, ut the dUt MA IeM LLine, with the general operation being one of pursuing the
target with the follower, trying to keep the circle around the dot. For the purposes of this report, then, the input
environmerual factors operating upon the control system can be essentially reduced to a definition of the type of
display presented to the operator. Other fine points are actually involved, but for the nonce these will be deferred
to later scctions.

The other fundamental factors in the control situation are the type of element being controlled by the
operator, such as an aircraft, automobile, etc., and the actuai means of exurLing uontiul, such as a -uiuu, . ,t
wheel with their associated restraints (springs, dampers, etc.). All of these characteristics will be lur.;ped into
the general classification of the "controlled elements." In many cases the controlled element can be described
suitably by linear transfer functions, though in others nonlinearities may be present which also require description.

With the controlled element and display type defined, we can now draw functional block diagrams of
the two simple control situations considered in this report. These diagrams. Fig. 2, show the human operator as
an element of a closed loop system.

If the characteristics of the human operator for a given overall task are assumed to be cppable of
quasi.linear description, the operator mathemati, al model will consist of a linear transfer function plus an I

additional quantity inserted as an input into the system by the operator. Then the funcrional block diagrams
I
i
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SYSTEM
FORCING OPERATOR OPERATOR SYSTEMFUNCTION VISUAL OUTPUT OUT-PUT

) ERROMIUPLASHUMAN c(t) CONTROLLED r(l)"

+ WOPERATOR EtUL liii-A

a. Functional Block D,-gram uf Simple Pgmuit Manual Control System.

SYSTEM
FORCING OPERATOR OPERATOR SYSTEM
FUNCTION ERROR E VISUALOUPTaPT

STIMULUS HUMAN c(t) CONTROLLED r(t)

DPAOPERATOR ELEMENT

b. Functional Block Diagram of Simple Compensatory Manual Control System.

Figure 2.

of Filt. 2 can be made into equivalc;,t block diagrams showing : ... d operations of the system. These are
shown in Fig. 3. To simplify the structure, the dynamic characterit: -es of the display are lumped with the controlled
element, and the actual forcing function is modified, if necessary, to an equivalent one. The linear transfer char-
acteristics of the human operating on his presented inputs are described by the weighting functions, ypj(r), y,,(r)
and yp(r), or their Laplace transforms Yp,(s), Y1(s) and Y/(c). Since all of the operator's output is not described by
the action of these transfer characteristics, an additional term, n,(t), is added at his linear output to form the total
operator output c(t). The location of n(t) at the operator's output is arbitrary, and does not necessarily imply that
such a quantity is physically inserted at that point.

Tne two block dipgrams oi Fig. 3 clearly illustrate [hc servo system characteristics of manual control
systems in general tracking tasks. "--- :-'-- this allows us to appl the whole body of servo theory in our
snack upon human behavior in such manual contiol systcms. As servo systems with single inputs, the compensa-
tory system is of extremely simple, single unity-feedback form. As a closed loop system, the operator's output
and system error are given in terms of Laplace transforms and transfer functions by,

Yr(s) 1(s) + Ne(s) i(s) - Yc(s) N,(s)
C(s) P 1 s)

I + Yp~s) Y,(S) '1 - Vp(s) Ye(s)
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The pursuit system is a somewhat mote complex servo, being a particular type of open-cycle, closed-cycle system."
Here the operator's output and system error are given by,

s) + YVA(s)Iis) + Ne(s)C(s) + Yp,(s) Y(s) .. . .

(1-2)

[I - Y,(s) Y,(s)1 Is) - 1,(s) N,(s)
S1+ y)Cs) Y (s)

By comparing the error equations of Eq. (-.1) and (1-2), it is quite apparent that the pursuit type of system could re-
sult in smaller errors than the compensatory system if the operator is capable of making effectivc usc of the addi-
tional information available by the proper adjustment of the transfer function Y,,(s). Therefore, even though most
of the available experimental work summarized in this report has been concerned with compensatory systems, the
pu suit system offers possible improvements and some aspects of such systems form an important part of this report.

OPERATOR'S
REMNANT, .pi O P E R A. T O R 'S SY ST E, M

OPERATOR'S WEAO'S OII'PW

SYSTEM T CT CONTROLLED
FORCING SVSTEMICHARACTERISTICS ELEMENT
FUNCTIONERO

I I
HUMAN OPERATOR

a. Equivalent Block Diagram of Pursuit System with Linearized Operatot.

SYSTEMOPERATO'SSYTMFREMNANT

FORCING SYSTEM RMAT IOPERATOR'S SSE
FUNCTION ERROR OPERATOR'S Q) OUTPUT ,,• t) LINEAR ye

- CONTROLLED

HUAAN OPERATORT564

I
b. Equivalent Block Diagram of Compensatory System with Linearized Operator.

I

Figure 3..

SSee ].R. Moore, Ref. 60. -
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GENERAL BACKGROUJND FOR HUMANI DYNAMICS RESEARCH

This section will attempt to put human dynamics studies in their historical perspective #nd-koQovC_-
a vebalsummryhavng sme sychlogcalcontent, of theanltcdvopeswhhwilbpretd t

greater detail further along in this report.

No pretense is made to either depth or tcnnpleteness of coverage in this section for we are attempting-

to equip the reader with adequate familiarity rather than a scholarly knowledge of the tracking field. Any omnissiolis
of pertinent human cdynawutks research that occur are due not to value judgments but ignorance on our part. More
derails and original references can be found in [28,41:, 561.

A. THE ROLE OF PSYCHOLOGY

Biefore World War 11 tracking as such received no attention in the psychological literature. TIo be sure,
experimental psychologi.ts conducted research on many aspects of human sensory and control behavior which were
later to be of imiportance in tracking studies, hut their interests were not in tracking performance. Perhaps the
earliest tracking devices used by psychologists vvere pursuitmeters, simple direct manual controlled devices which
might have either compensatory or pursut displvs. These pursuirmeters were uzaed from the carly 1920's on to
study eye-hand coordination under such conditions as degree of alcohol ingestion, different training routines, and
different instructions, etc. In addition pursuitmeters were used as componeurs of test batteries designed for the
selection of persons possessing a high degree of eye-hand criordination, andi as device,, fer roducing boredom by

k ~ any of the foe eoing applicattr isuu of trackligg devicc- are sti!]... uder nctivc sttuds.

World War 11 stnlated our present --inrest in tracking since the host of complicated manual control
devices developed for modlei fife control rioblems required a inu0re dletailed description of hum-an of crater pctfor-
mance than had hitherto existed. No longer could pilots or gunners compute leads in their head, as our duck hunter
;':Scti(u:. ! .v" blu to '110, 'Out -,~w zi~i. humnan operator scrved as a sensor which generated mea'sures or rates,

positions, and sometinic, ranges of a target; and as a cont roller which fed these data into a computer. Depending
on the dynamics of the controlled element, the nprrarnr might he coupled with a system which resulted in pent

performance or even tended to instability.

At first, in the haste of the war rime emergency, little thought was given to the human operator of (tic
various military tracking devices. First in Great Britain, and then in this country, the imsprovement of the hunjan
ope~ator's functioning became recognized as an important research area. As a consequence, research teams con-
sisting mainly of psychologists were organized to improve matters. These men reflected professional attitudes
and prior training in their manner of attacking human operator performance problems. Industrial psychologists frag-
mented the task, performed job analyses. and proceeded tn Jpe-np test techniques for the selection of personnel
who could be expected to excel at the required task. Experimental psychologists rook a dIfferent tack and directed
their efforts toward increasing the number of possible competent operators by studying the complementary possibil-
ities of training and of equipment redesign.. The training studies fell rather naturally under such traditional learning
rubrics as: transfer problems, part vs. whole learning, massed Versus distributed trials and so forth. Equipment
redesign efforts were divided into static, kinetic and dynamic atudies. The static studies dealt with such marrerF
as anthropomuetry and the placement of controls, knob qnd handwheel design, reticle design and so forth. The
kinetic studies concerned themselves with control display relationships. Typical of the kinietic questions examined
were:

a. That is the optimal display-control ratio?

b. What is the optimal tracking handwheel diameter and speed?

c. What effects do friction, stiction, inertia and so forth have on tracking accuracy?

d. What are the effects of magnification, rrriesl design, raiget sist., said so forth
on tracking accuracy?

a. What ;s the subject's reaction tinnc in rcspc-adiig to a sttep input?
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The list could be expanded, but this sampling of topics serves to characterize the type of questions which were of
interest.

The dynamic studies are Chuacteuize4 by their emphuis on attempted analytic d*Erip timofrhve •
process by which the human operator exerted pontrol in closed loop tasks. E-cept for rare instances,..we-willdiss- -

cuss only dynamic studies in this report. It is difficult to stateprecisely how agd whieri thebkd4fd' ynwii
studies first arose. It is-clear, however, that such studiesawere-ouigi-iated -and- st-imulated-by-ehenineers, t no-
psychologists. Much of the experimentation, however, and the -ntroduction of concepts of psychological-or psycho-
physical content, was due to experimental psachologistti. In a sense, the engineers introspected on the problem
%ith the aid of some psyc.hologkai sophistication. The most complete background data which the experimental
psychologists could make available for this introspection dealt with visual processes ad with reaction timch.

There are data on visual sensory discriminations in referring to the resulving power of the eye, the
adaptation of the eye, and the discrirainability of displacements, velocities and accelerations. These quantities
are often interdependent, and one must recognize the presence of interactions between the size of a visual stimulus,
the stimulus' luminous intensity, and the brightness of the surroundings against which it is viewed. Similarly,
there are interactions between the degree of structure in the visual field and the perception of dirplacement, veloc-
ity or acceleration, Because of the intimate relation of these data to the measuring situation, the general inade-
quacy of mathematical models (such as Weber's law) and the ready av'ilability of summary data and handbooks, no
ate.npt will be made to present numbers at this time [28,69, 79,94].

On a more highly integrated level in the nervous system the visual seflac has been studied to determine
the effects on reaction time delays of competing stimuli. Notions such as "span of attention" are pettinent here
in the evaluation of tracking displays. The competition among stimuli leads us to the various studies on the in-
crease of reaction time in multiple choice and compound reaction time displays in which a higher mental projcess,
involving selt-rring and sequencing re5ponse decisions, results in a slower reaction rime. wr o wfk.,ns have found
it useful to describe similar phenomena vn an inormratin.i rhenry rnntexr 1431, and as would be expected it har been
found that reaction time increases with stimulus information content. It is of inre,.=t ti, aote chat when a one b.t
visual signal, i.e., go or no go, is employed as a stimulus to the practiced nlerted human operator the reaction time
oppro3ches a lower limit of about 0.15 second-. There are other cases in which the tinte tv aespond may approach
zero, as in anticipatory behavior, but in these cases we are really redefining the stimulus to which the response
takes place, and the reaction time remains at its physiological limit. This brief discussion serves to indicate the
critical importance of the context and predictability of the input signal to the operator on his reaction time. In
Section IV we will attempt to analyze the reaction time found in tracking in terms of its component parts. Suprising
as it may seem, the reaction time exhibited in a serial re ne problem such as tracking is an elusive quantity.
This is because it is difficult to isolate proper stimulus-response pairs in the tracking task as well as the luck of
a simple criterion of predictability which could serve am a basis for ranking stimuli. Fenn [291 has made measure-
ments which show that the minimum period of free wagging for fingers or limb is a characteristic of the nervous
system rather than of the musculoskeletal system. This minimum period is 0.1 to 0.15 seconds and is presumably
the lower limit for serial reaction time.

We have discussed delays which might occur in the onset of a response due to organization factors in
the visual modality. The operator can and does organize his perceptions around more than just the proper sequencing
of responses, for his responses must be appropriate in magnitude as well es direction. An interesting psychological
problem arises here since the magnitude of a stimulus is related to the context in which the stimulux ;q. found.
The so called range effect provides an example [26,71,73,77,89 and although small and of little practical impor-
tance in actual equipment operation, the ptesence of this effect is easily verified by experiment (e.g., Figure 21).
The Jffect consists of overtmsating R sqtimulus when it is the shortest and underestimating the same stimulus
when it is the largest in a range of stimuli. It is difficult to separate motor from sensory influences in tracking
performance, but the compatibility of the "range effect" with such perceptual phenomena as adaptation level pro-
vides a consistent framework for discussing the effect in perceptual terms. Best present knowledge indicates that
the range effect is asymmetrical in that responses to the smallest displacement are more heavily skewed to the
mean of the series of stimuli than are the responses to the largest displacements of the series. It is possible that
the explanation of the skewed distributions may reside in the type of scale which the operator uses to sobectively
rank stimulus magnitude, with the central tendency effect explainable either perceptually in terms of an adaptation
level or on the response side Ly some sort of least effort principle. For our present purposes the reason for
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discussing the "range effect" is to serve as an illustration of the type of stimulus context variables which influence
the organization of tracking behavior and which were considered important when human dynamics were irst examiued.-

There are a series of more nebilous psychological factors which, thou&hnot readily ameiwi . s.-d_ -
-

cription in engineering terms, nevertheless ate of importance because of their influence on trickingiuprimai_. 3

Aspiration level, motivation, and "set to respond", are the major factors of this tj-Ie,

The tracker's level of aspiration in the tracking task determines his sell imaposed leevel of tracking pert_
formance. The tracker who is attempting to minimize an error will not necessarily reduce the error to the limits of
his visual acuity, but will reduce the error to that level which he is willing to tolerate. Certain errors may be deemed
unavoidable or too small to bother about [40]. Although magnification serves to increase the apparent error, track-
ing performance does not improve in proportion to increased magnification since the attendant diminution of field
size offsets some of the gains attributable to increased magnification. High motivation enables the tracker to over-
come fatigue effects, to persist in boring tasks, and to focus his efforts on the task at hand without regard to distrac-
tions. The operator's set to respond refers to behavior which may be established by instructions. One could instruct
the. operator as to the visual cues to expect, or in the manipulative procedures to be used in tracking.

The foregoing general and sketchy remarks are indicative of what the paychufogist would consider in
formulating a description of human dynamics.

The earliest, basically psychological, formulation of this nature is due to Craik [201 who hypothesized
that the human operator in a tracking task emitted corrective responses which were not modifiable by sensory fted-
ba:k during their execution which was at a frequency of two per second. The 0.5 seconds period between response's
wan called the rr.frartory period. Smoothing in the tracking system might, however, serve to mask this hypothesized
discrete nature of human tracking. In experiments, the refractory period was manifest when the reaction time tn the
sccond of two consecutive stinjuli incre.sd ,thv as much as 0.3 secondh Lwyo:'id the nu.,.l 0.2 ocLu id .,...titn tLne
Lu te lil l t ,Limulus whent I1,t stimuli wcc lcs ' t-11 0.. su.'vit,l:. aparut[. There is ai vhmt i,,n literatife o n the
rcfratctory period, and we hae only referenced a few reprcscntativr p.apcrs [21, 21, 41,46, SO), R71. The pre' far . .
of the controversy appears to be that most observers agree that there does appear to be a sipor-imposed ripple of
abouL 2 Lycles l' s'cunnd on Lil taacker's output, but tleie is considelh, disagreemiet ,is to die soure' ot th
periodicity. Later in this report it will be found that this type periodicity is consistent with three of the remnant
models presented. Additionally, the near neutral stability, which it will turn out characterizes m.any man-machine
systms, would also tend to manifest itself as a superimposed ripple when excited by any remnant at all 1821.
Whether this ripple is at 2 cycles/second is a function of the control dynamics and input signal.

B. THE ENGINEERS' CONTRIBUTION

The engineers' interest in this problem arose when the iunan operator was given power controls to
manipulate. Direct linkages, or "pointing stick" de.ices causcd c ma:: -1i-, b.: : the controlled ele-
ment (FZi. 2) assumed dyumiaiii,. Lhnacteistics, stability and dLie criteria of merit for errors became probiems. The

interest and attitude of engineers can be summarized by tluoting Tustin whose early work was the genesis of the
,,,,1or Mo~iedi of this teport [821.

"The object of the series of tests described in the present report was to investigate the naturt of the
layer's response in a number of particulqr eases and to attempt to find the laws of relationships of movement to
error. In particular it .:as hor.ed :h.ar -his relationship might be found (within the range of practical re.qire.menTs
to be approximately linear and so permit the well.developed theory of 'linear servo-mechanisms' to be applied to
manual control in the same way as it is applied to automatic followogg/

rhis same attitude and hope had motivated A. Sohczyk, R.S. Phillips and If. K. Weiss [44, 91,92], but
it was Tustin who introduced the concept of measuring a linear operator to describe the human lAmd recognizing a
remnant term which expressed that portion of the operator's control behavior which was not ascribable to this linear
operation on the input. It is this basic notion which has been extended in this present report. Tustin went further
and postulated origins for the remnant. In his earlier work [821 he suggested that an essentially white noise at the
operator's output, and not variations of his !inear transfer functions parameters, might account for the remnant.
This remnant actually accounted for half of the total error.
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In a subsequent report [86] he was of a different mind, and believed that the remnant resulted from the
existence of a "threshold" in response together with a tecdency for the response to be impulsive in form. The evi-
dence for this is wegit, being based on a questionable choice of linea transfet function form kich yiddcLihe_
parameters for the human operator's undarlying linearized diffrential equationa. The approprgtn differential.
equations in operational form were applied to the error input and to the control response and the- two solution4-to_
the equations were plotted and compared. This comparison; over a seven senndisegmenisilwed.periods of ab oi _ ii..
0.5 second over which the output was zero followed by an impulsive response of a magnitude whiCh seemed to vary - -

in a random fashion . ..... ... .. . .. ..

Although it is not important for us to dwell on the form of linearized transfer function Tustin extracted
(in Section VI we will present some of his data in detail and recompute transfer characte.ristics), it is of interest to
note his findings on the optimalizing behavior of Y, the human's description. Tustin observed that the operator
adjusts his open loop gain to a value such that the controlled element and the operator form a marginally stable
system. This finding anticipates a great deal of more extensive future research, and is one of the human operator's
most useful characteristics. He can change his characteristics to improve performance consistent with stability
considerations.

Another important finding of Tustin's [831 upon which a considerably more elaborate structure has been
built is bi roncept of compensation as applied to man-machine systems. Compensation, ,f course, is a very old
setvo system technique which consists of designing such circuits as will provide lead or other equalization for the
operator to compensate for his phase lags. end thus R1:ww him to operate at higher pain, while attenuating the rela-
tively high frequency remnant noise as best as possible. Thus compensation is a compromise between lead and
lag networks, each dominant over different frequency ranges. The exact specification for the compensation net-
works is a function of the controlled element and precise knowledge of the remnant's frequency characteristics.

u.w'tin con-:i3kred aided tr-cking to be - primitive fo!m of COHIpcusariuo. Tustin advoLited doinr for tho operator
whpt he ca n ri wel' himself, hot allowing him to act a'. an rptimalisinp' amplifier, which he .an do Quite WCll.
This contribution of Tustin's hau been modified slightly, but remains essentially unchanged as one of the major
conclusions of prcac|it human dynamics research.

That the human operator imposes certain requirements On the rusittolled element was recognized by
others as well 144,91,92]. Weiss, for example, presented a detailed argumcnt for aided tracking, i.e., the man and
his manual control have the transfer characteristic Ye where

T is the aided tracking time constant = the ratio of change in position to the change in velocity of the output as a
result of a given change of manual control position. Weiss's position was that aided tracking was by far preferable
to velocity tracking, for which the transfer function was l/s, since velocity tracking forced the operator to generate
high leads with consequent higner errors and the risk of going unstabie.

In addition, Weiss advocated .so selecting the particular Aided tracking time constant with the controlled
element dynamics in mind. Thus a controlled element whose transfer function was of the lead-lag form could be
coupled with an aided manual control so that the manual control's lead cancelled the controlled element's lag. The
result would be equivalent to a controlled element of transfer function equal to unity, and an aided manual control.
Thi.. new a;ded .-a control would of coure hav" a :;ii, constti wi,il wn. equal to 0.. constant If the
lead term of the controlled element.

This suggestion was also made by a team of engineers and psychologists working at The Franklin
Institute during World War II who conducted many large scale simulator experiments to determine the optimum aided
tracking time constant for various controlled element dynamics [59,66]. Not only were the theoretical predictions
for the optimum aided tracking constant corroborated by experiment, but the thesis that what the operator is given
to work with is more important than his training or selection was demonstrated. This thesis is certral to engineer-
ing psychology. Untrained college students, secretaries, and engineers were able to out-perform trained gunners
on flexible gunnery simui.tor tests when the naive subjects were provided with optimal controls and the trained
gunners used existing equipment. I

5
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Weiss, as did Tustin and others, took cognizance of the human's time constant adjustability by sug-
gesting that tracking instructions be determined by the smoothing, i.e., integrating circuits following the man in the
control loop. Thus, to be specific, with the M-5 director he advised smooth trackjing, i,e., nP ,uddenAchanges in
error, but with the M7A1B1 director he advised quick corrections, since the associated- smoothjng eir k- i-zasly-=-ai-:
eliminate high frequency errors but pass slow changes. To assess these systems, Weiadvooated-neanurin -t|e"-.-
spectral density of the error power from the utocorrelation of the error function so that more effective;informAtion "
on trackina requirements could be supplied to selection and training-facilities.---:-------- -- ----

North, in an a priori non-experimental model, elaborated on the applications of spectral de-nsity tcch- ...
niques by expressing the system error spectrum in terms of coherent and stochastic influences, thus gaining insight
into the remnant's structure. These foregoing suggestions that the spectral density is a useful analytic tool for
evaluating tracking will be developed considerably in Section III of this report.

We will not discuss analog computer models of the bh-man operator in this section since the Goodyear
group's fine work in this regard will be considered in detail in Section VIII of this report. In addition we will not
dwell at any length on the various suggested linearized transfer functions for the human operator 14.4, 67, 85]. Suf-
fice it to say that most of them were of the general form:

C K(1 +Ts)e-
' K(I +7s) 

'
7
'

E (14 12

In Sections V and VI of this report we will derive describing functions (linearized transfer functions in
the Tustin sense) for various input and controlled element characteristics, and attempt to bring otherwise disparate
results together.

Ma.y of rhe early workers In re field attempted to d-',. ' L, tiri him,,,il 0leraror model s on an a priori
basin b'y posulating .uch attributc- an: proportional, or proportional plun derivative contrnl, fr that thir murcula-
ture (a second order system) was important and could be npprnimnarrd hy a first order te:n, 3r that r was 0.25 -
0.3 or even 0.5 seconds. Actually, these efforts were usually misleading, and as will he seen in Sections V and VI,
it is considerably raiore effective to extract Y, ',o,, the dat, while Obiing pllybal tr.duaiIg a, a tvihicue fur
getting insights, not as a closed deductive logic.

There are considerably mote historical references than have becn discussed in the foregoing. Some of
these are in our list of ricirences, others may be found in the summary reports [28, 481, 56]. It was our intent to
sele'tr material in the foregoing which anticipated in some sense our subsequent development rather than to strive
for completeness.
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Section III

MATHEMATICAL MODELS FOR MANUAL CONTROL SYSTEMS
AND QUASI.LINEARIZATION TEt:HNIQUES

A. INTRODUCTION.

A fundamental problem in dynamic analysis is the mathematical characterization of cause and effect
relationships for general system elements. A direct way to specify such information would be to determine the
element responses arising from a large variety of inputs, and then to catalog these results as input-response pairs.
Fnr all but the simplest elements and conditions this direct procedure would become extremely unwieldy. In order
to achieve a simpler specification, we would like to modify the basi, question from "What are the effects due to
various causes?" to "What is the operation of the system element in modifying a cause ino an effect?" In other
words, the analyst dcsircs a "mathenatical model" of a device which responds to un input in a fashion approxi-
mating that of the physical element, and which might be used for s.-veral similar types of inpurs.

With systems containing only elements which behave in a fashion describable by linear constant-
coefficient differential equations, this second question is answered simply by specifyIng the system's weighting or
transfer functions. If the system were represented by the block diagram of rig. 4, where the weighting function,

INPUT C horocterized by: OUTPUT

Churacterizod by:O.-w. b(r) -Weighting Function Characterized by!

1. i(i) ar a time funetinn H(V) nr It(ira) - Transfer F,-ncfon 1. r() as a tin', function

2. /(s) as the Laplace 2. R(s) as the Laplace
transform of i(t) transform of r(t)

3. I(jw) as the Fourier 3. R(joi) as the Fourier
tr nsform of i(t) transform of r(t)

Figure 4. Linear System Representatio.,

b(r), is the time response of the system when an impulse function is applied at zero time, then the relationship
between the response and the input would be given by the so-cailed superposition or convolution integral,

r(t) - fh(r(t-r)dr (Il-1)

Since the response, Fit), to any input, i(t), can be found if h(r) is known, we can dispense with a gigantic tabula-
tion of input-response pairs to describe a linear system's operation, and need specify only the weighting function,

Because algebraic operations are easier to use than integrals like Eq. (Ill-), it is usually preferable
to work with transforms of the input, response, and weighting functions rather than the time functions. If the
Fourier transfom is used, the transformation of Eq. (111-I) becomes

R(ico) f Jr(t)e-j-edt = H(jri)I(jim) (111-2)

where R(jo-), l(j,), and H(im) are the Fourier transforms of r(t), it) and b(t) respectively.
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When the conventional unilateral Laplace transform is used, the convolution integral of Eq.(ll-1) is
first modified to

r(t) fh/(r)ift -,)dr ; a iI-.3)...
t

This form of the convolution integral can then be Laplace transformed to give

R(s) = fr(t) e-stdt = H(s)l(s) (111-4)
0

where R(s), 1(%), and H(s) are the Laplace transforms of r(t), M(r) and b(t). The tratisfer function 1(s), is esuentially
the same thing as the transfer function H(iWa), with joa replaced by s.t

The introduction of the weighting function, or its transform, the transfer function, allows us to describe
the performance of a linear system completely without having to resort to the awkward device of a complete dic-
tionary of input-response pairs. On the other hand, in a general system some of the parameters may not be linear,
but may depend, instead, unon the values of the dependent variables which define the system's response. If this
i-; the case, the convolution integral is not valid, and the behavior of the system is a function of the particular in-
puts and initial conditions. This potts the ana!yst right back to the beginning -- forcing him to define system oper-
ation by input-response pairs - for the response of a nonlinear system to a particular in"Ut in just thatl Results
of nonlinear analyses are applicable only to the specific situations considered, and the specification of system
behavior requires us to give both the input and the response.

FCLtuntely many nonlinear systems of interest have specific input-specific response pairs which
appear to be very similar to input-response ps!rc for linear systems. TLis similarity leads immediately to the
notion that tle performance of some nonlinear elements, foi particular inputs, could be approximated by a linear
element plus an additional quantity called the remnant. From this general b-asis the describing function technique
has been evolved. In this approach nonlinear elements are replaced by "equivalent" linear elements. The equi-
valent linear element is derived from consideration of the response of the nonline 'r element to a particulax type or
class of input. Since the input type is defined, and the response is the result of a linear operation, it would be
expected that this equivalent linear representation would be of conriderable value in approximating the- actual non-
linear system.

As an example of this concept consider the sinusoidal input describing function, which is derived from
consideration of the harmonic response of the nonlinear element to a sinusoidal input at various frequencies and
amplitudes. Suppose that a sine wave is applied to the input of a nonlinear element having a single input Und
output. The output very likely will be a nonsinusoidal periodic wave with the same period as the input wave. If
the output waveform is analyze l in terms of its Fourier components, the fundamental component will beer a rela-
tionship to the input sine wave which can be described in amplitude ratio and phase angle terms. The describing
hin,-rinn will hp the rot@^ ^f Phe fundamentml to the Z_ Ml. 'Y i: ;a=- 'r.~ i; l.ca; n

will be composed of all the higher harmonics. The output would then be the -um of the describing function times
the input plus the remnant.

From the above comments it is apparent that a whole series of describing functions could be defined
fat a particular nonlinear element simply by considering different types of i,,puts. The sinusoidal input describing
function already nuted is exceptionally important and is so oft-used tool in servo analysis. In many problems the
type of transient inpilt is fairly well known in analytic form and a £ iaasient describing function is of value. Of
these the most important in this report is the step input describing function. Finally, perhaps the most important
type of describing function for general systems is one based upon statistical inputs. Such a describing function,
particularly for inputs with Gaussian amplitude distributions, is very important in nonlinear control problems

t With some additional restrictions, particularly with regard to the convergence of the Fourier and Laplace transfonm intelrals,
the Fourier and Laplace tranaformation@ of i(t) and r(r) will be identical for t£O when s replaces fr. Therefore, even though
Fourier transforms are mot often sed in this report, both forms will appear as dictated by local convenience.

w hile the notion of molding a nonlinearity into an equivalent linear element is quite old and has been used by many writers,
the first instance of major exploitation of the technique was probably by Kzyloff and Bogoliubof [.551.

I
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involving the types of inputs used in statistical design techniques, and can be considered a fairly geneiral ijpe of
equivalent linearization. This Gaussian input describing function is of particular importance in-this fiorst.

As a final general comment on describing functions it should be stated that, since the ,in-tirare-diti -

ferent, the only thing the various describing functions have-in common -is the malkivar tyftf d # 0AmMC;_i -

If the nonlinearities in the system elements become more linear, the various describing futction 4e044o:1pproeh
one another. When the nonlinearities are entirely removed, P.l of the describing funeticns-b-eo61me ideaiti ,l-a the
system's transfer function.

Because the characteristics of the human operator depend strongly on the type ni inpars which he is
expected to follow, the describing function concept is our only recourse if it is desired to retain the general sim-
plicity of the linear methods, Almost all of the experimental research upon which we shall report, and which
attempts to specify operator characteristics in manual control tasks, has been based upon this general approach.
Therefore this se.iii.,i is devoted to various aspects of the describing function technique.

Before embatkitig upon the detailed discussion of the describing function methods useful in approxi-

mating human responses, it is necessary to mention some alternate approaches to the nonlinear problem. The most
important practical alternate is the use of an operator analog comprised of analog computer elements. Using the
very wide range of nonlinear and linear analog elements available, a computer setup can be made by cut and try
procedures and adjusted until the "analog operator" responses to particular inputs are similar to those of the
actual operator.

If a "perfect" analog were ever achieved, the input type would not be imaportant. In the case of the
human operator, however, a separate analog is required for different inputs to achieve a practical and reasonably
siAnple computer setup. In this sense, then, the computer analog represents a nonlinear describing function. The
te,:hnique ir c! great value in instances whrice a point by point predictisn of operator response is desired, for
studies including nonlinear control effects, and as a means of providing insight into some of the types of nonlinear
behavior which might occur in the operator. When nonlinear transfer characteristics become exceeding!-' important
it is probably the only practical approach. The analog technique is fairly siAdighitmAward, so no further discussion
of the general method need be included in this section.

There are, of course, other approaches to the problem of specifying the characteristics of a general
system, such as the phase plane method, various digital computer techniques, decision function models for oper-
ator choice behavior, etc. None of these, however, are as yet of much importance in the empirical determination of
operator characteristics.t

In the way of outlining what is to come, this section is divided into two major parts. The first part is
devoted to a general explanation of the describing function technique. This part, in turn, is made up of thite sub-
sections, one on sinusoidal ir.put describing functions, -ne on Gaussian input describing functions, tnd the third
on step input describing functions. The second part is cortcerned with an exposition of the general mathematical
terms i.volvcd in the measurement of describing fiinctions and remnants, of both the cinusoidal and random input
variety. It consists of several topical Jivisio.s including the deterafinatiuos of open loop quasilinear describing
functions, the spectral density of the remnant and the system error, and the mean squared error. Other quantities
of particular importance, Euch as linear correlativoa aud signal to noise ratio, are also developed. Finally, the
possible general sources of the remnant term are considered in some detail.

The major purpose of this section is to provide the general mathematical background appropriate to the
r.-'! t. :- .-- systc-m prclei-Ls irolved. Much of ahc discussion is EhCLCfore fm;rly av-adcmic and a good

deal could be skipped by the general reader without too great 1 loss in understanding of the latter sections.

8. QUASI-LINEAR DESCRIBING FUNCTIONS

In the study of human dynamics the operator characteristics are strong functions of input type, rimilar
to those qf many other nonlinear systems. As will be shown later in the review of experimental work, a very im-
portant factor to the operator in determin;ng i.. response eharareristics is the general predicrah;IPy of his i,,put.

I These other techniques occasionally offer or bring up useful and interesting side i;sues-see for examp i Platzer [621.
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Specifically, the operator's made of response appears to be different for single sine waves (which are essenitiatly
completely predictable once started), stea functiis (which have known final vilues iia-idiately iftet ioWaf-- -
the stimultks), and "random appeat.ns functions." The random appearing inputs are Rot restricted to functions
which are known only by their statistics, but include those which.ctA be 9d Uy as feq.s t~nmoc,-

ally related sine waves.. In most of e experiment4I wotk, the ;andoS ap;varinj&inputs have- beebfethevsuch-a .

sum of sine waves, or time functions which had esieiially Gaussian amplitude distributions. Therefore the types
of describing functions of interest are those for step, sinusoidal and Gaussian inputs. All of these describing
functions fall into a category which can be called quasi-linear because they tend to be linear under a fixed sct of
conditions, such as given inputs, yet nonlinear when changes in these conditions arc considered.

1. Sinusoidal Input Describing Functions

In the sinusoidal input describing function technique, an equivalent linear element is derived from
consideration of the harmonic response of the nonlinear element to a sinusoidal input at various frequencies and
amplitudes.? As an ezample consider the case of a simple limitcr, having the transfer characteristic shown in

TRANSFER rr(t)
CHARACTERISTICS $I.OPE 1; a

-A tA

INPUT

Figure 5. Transfer Characteristic for Limiting with Typical Output ior a Sinusoidal Input.

Fig. 5. In this instance, if the input is i(t) A sin wt the output can be written as a Fourier series

M bI sin (d + b. sin nor (Ir1-c)

where

11 A 1 2 2a 1-a1121+ 4A

The sinusoida! describing functoin techniqte has been rather thoroughly exploited in the past ten yeais because of its Qxtreme
importance. One or the first references to the method is to ad unpublished 1946 report by Nichols and Kreezer in Greenwood.
Unrdam and MaeRae, p.p 5iA NA. One of the first publishei applications appears in Tustin 1841. Later work following the
sarae general lines wsa done hy Kochenburger [471, Johnson 1451, McRucr, Halliday and Press [581, and many others.
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(n sinB cosnB - sinall cosB)+ cosnB"

and B = sin-1 a
and A

The sinusoidal input describing function is defined, in general, as the ratio of the undamental oi the-outputto tho i -
input. The output fundamental may have a phase shift relative to the input sine wave,therebgiving-rise to"both
an amplitude ratio and a phase angle. In the above case for the limiter, the sinusoidal describing functions will
be simply b,/A. while the remnant includes everything else in the output. In this way the actual nonlinear transfer -

characteristic of Fig. 6a can be replaced by the "equivalent" linear element plus remnant of Fig. 6b.

i(t) 10r~)

a. AL.tual Nonlinear Transfer Characteristic for Limiting.

= sb., sin nwi

__________ r (t)

b. "Equivalent" Linear Characteristic for Limiting.

Figure 6.

The "amplitude ratio" and "phase angle" for the sinusoidal describing function for limiting is shown
in Fig. 7. incltuinR those of the output harmonics.t It will be noted that the "'phase angle" of the sinusnidal innur

describing function in this case is zero. This will always he the case when the nonlinearity is dependent only
upon the instantaneous value of the input. The describing function is then a pure gain which varies with input
amplitude alone. In general, of co..r.e, the sinusoidal input describing function can vary witL both the amplitude
and frequency of the input sine wave.

'he .;,"n-i4  input describing function technique can also be interpreted in a slightly different man-

net. The iLi,,ut is again assumed to be inusozdal. While the output will not be sinusoidal, it can be approximated -
by a sinusoidal function with the same frequency as the input but with a different amplitude and phase. The com-

plete output, r(l), can be expanded into a trigonometric series, i.e.,

r() * aeint (11-6)

It is now desired to determine the values of a, which give the "best" approximation to r(l), where "best" is

t The "amplitude ratio" of a harmonic to a fundamental is aa arbitrary term adopted lot convenience in plotting the results. It

completely ignores the difference in frequency existing betweet the harmonic and rhe fbndamental.
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Figure 7. Amplitude Ratio and Phase Due to Limiting.

defined as the result of minimizing the mean square error of approximation. The mean square error in approhima-
tlion is given, if r(t) is integrable over the range -c to se, by

= f,(I)- aejii'dt (1.)

It ckii be shown that T will be a minimum whei

a . "= -r r( )c int(d t ( II-8 )

which is, of course, the formula for the familiar Fourier coefficient. since a, is the complex number describing the
fundamental of the output it can be concluded that the use of this sinusoidal input describing function results in a
particular linear equivalent which minimizes the mean square difference between the actual and approximate output.

2. Random Input Describing Functinnit

When the input to a nonlinear element is random rather than sinusoidal we can no longer interpret a
describing function in terms of fundamental and harmonic quantities, so this aspect of the sinusoidal describing
function technique has little carryover into the random input case. On the other hand, an extension of the mean

I Much of the underlying theory and application of random input describing functions is due to Booton [9, 10. II, 12. 131. Ref-
erence 12 '4 followed closely here.
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square approximation is feasible. For example, if one assumes, for the moment, that the describing function (t
simple nonlinearities which depend only on the instantaneous value of the input is an amplitude dependent pure
gain (as it is in the sinusoidal case), then the error in approximation of the true output r(t) by the eqIvAltlotr eUar .output, Kt(t), will be

t) ' (t)
- K [ ( [

) l "(m-_.9) _ I-- ..-

and the error squared will be:

2) = £d:).- Ki(t)] (1.10)

The mean square error can be found by expanding the right hand side and averaging, i.e.,

'2(8) = r2(1) - 2K(t) r(t) + Kti2(t) (ll-1l)

"7 1,m I +() dt
;m 2 K ()(d= YTfr(t)d-

2 ,r f d t -2 K f rAt) i( ) d t + K 2i W( dt)- -T -7"-

- 2Ki + K'2 (111-12)

The de-iArpd valinp - K is that which minimizes 2. Therefore since,

d -. _-.2ai* 2Kia (111- 13 )
dK

then the desired equivalent gain K must be

ir (111.14)

If botth and "Vi r as umed to b. sationary andom. functions of one sort or another, the tire aver-
aged quantities in Eq. (111-14) can be put into terms of probability characteristics. Because the functions are ota-
tionary the expected value, or ensemble average, of a stochastic variable of given distribution function will be equal
to the time averase for this variable. For example, if X(t is a random variable having an amnlirttde distrihution

defined by the probability distribution p(x), then the mean or expected value of X is defined by E[XI f xp(x)dx.

Then ma ergodic hypothesis holds, i.e., when time averages are equal to ensemble averages, this expected value

will be equal to the time average R =- XGOd

Now, if g(X) is some arbitrary inction of the random variable X, the expected vain;, of g() wiii e a
probability-weighted average of the values that g can assume. When x<X<x+dx then, the probability weighted
average will be g(x) times the probability that X lies in the interval between x and x+dx. This will be given ap-
proximately by

gx) Prx < X < x+dxI - g(x)p(x)dx

Then integrated over the various values which X can assume, a fundamental theorem is obtained which gives the
expected values of (X) as

EL (x) = f g(x)p(x)dx (Mn-15)
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Eq. (111-15) is essentially in the category of a defintition, and is valid for any random process,, sationutyqr.qtbcr-
wise if the integral exists, The concepts of stationarity and the ergodic hypothesis enter intotheprobh -nly
when it is de -ired P ha.- the expected value, as computed above, equal the time average. -.

With the assumption that the ergodic hypothesis holds, it is now fpisibieozug_ LEA___1l) b tofind the:_ -
values of the time averages Ti and il in terms of the probability characteristics.. -7

To find the value of ri, consider that the actual traisfet chorcrteristic of the nonlinear element is such

that the output is a single valued symmetrical function of the input, i.e.,

r e) = ltift)l (11116)

Then the arbitrary functktn of Eq.(l-15)g(X) ms recognized as Xf(X), or

Ei,il I Txi(x)p(x)dx -. (1 17)

To determine i2, the second moment of i, we can identify i(t) as the random variab'e X(t) with ptobabil-
ity distribution p(x), and thus by definition

E
t l] - EX 2 ] 

- J x2p(x)dx = 
2
(t) (11.18)

We can now substitute Eq.(1-17) and (111-18) into (111-14) to obtain the value of the equivalent gain K in terms of
O.h prlI.iNsy ci-.rihutnn hc'iterintic ,! the inp~ut and the tran f r characrteristic of the nonlinear element.

This will be
K f=x1(x).p(,)dx (~-i

f-2 p(x)dx

It should be noted that the only restriction upon the results to this point are those due to the assumption that a
pure gain was desirvd as the approximation to the nonlinearity and that the input and output ate stationary processes.
While the value of K given above by either Eq. (111-14) or its equivalent (111-19) is the "best" pure number in the
sense that it will give a minimum mean square error, it is not necessarily the "best" linear oFerato: in that same
sense. This will be discussed more thoroughly later.

To solidify the discussion leading to this point consider, as an example, the same limiter described
previously. The amplitude of the output is defined by

f()=-a for x<-"

= x for -a<x<a

'-a ;.111-20)

Assume that the amplitude of the input time function has a Gaussian probability distribution given by

2os

where 2 
is the variance. The equivalent gain K will then be given by

f, _ xf(x,)t(,)dx fZa-, xdx, "xia [_,t()ds + fT,,sp(,,)d,,

It= ~f , )Odx+~ 1 xP dxdf] 2 xz (x)dx sx~xd

a[ f-x p(z) dx + Z ~x p(x) dx] + f "x2 P(x)dx
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J

Substituting the expression for p(x) and perforicnig the indicated integration for the bracketed numerator term,

aW i7 2.sdx

02

Re-ognizing that the integrand is an cven function of x and grouping terms,

v,(v' ,/, to -J

Letting o _

K = Zl.2 +2 2f" ea d

The last step, above, is a reverse integration by parts. We can thus write,

K = (1)(111-22)

where 91 is the error function defined by

,l~b)._ )o -,tz(111-2.3)

The value of K is plotted versus a, r in Fig. 8. This particular Gaussian input describing function can be com-
pared directly with that for the sinusoidal describing function to obtain a nation of the similarities of the results

for this simple case.
l-aving explored the general idea of the scatiscial input

1 . - describing function for a simple example, it is now necessary to

- - "generalize the development. Conceptually, the generalization is not
-4 A far removed from the fi:st casc cnsidcd -the major difference is

-the desire to have the "best" linear equivalent system rather than
_ -' - - - ... !., tclosest apinuach using a pure gain. If the nonlinear

-lement is approximated by some linear weighting function h(r), then
-10 - - tic output r(t) will be apprwirnted by f b(r~i(-tdi. This is

-12 -- directly analogous to the situation described in the linear cases
discussed prior to Eq. (111-3) except that the h(r) in this case is the

C I 2 3 "best" linear equivalent weighting function of the general system
element rather than being a complete description. If the equivalent
linear system weighting function is to be realizable, then b(r) =0 for
r< 0, so that the approximate output will he J;b(s)i(r- r)dr. The

Fictric 8. (iaussian Input DescribingFuncton fo Limiing.error in approximati;on is then !
Function for Limiting.

t(t) = t(t)-f b(r)i(t-r)dr, r>O (111-24)
0a

Since a minimum mean squared error is desired, the required W(r) is that linear quantity which minimizes t
2

(t), or

5 ,.- (h(1-5)

Appiication of the calculus of variations to this expression will reveal that it will be a minimum when the weighting
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fonction k(r) which characterizes the equivalent system satisfies the integral equation

Rir(r) = O (u)Rij(r-u)dv, for r>O .. (IIi 6)

where R ir(r) is the cross-correlation function between input and output, an. Ri,() is the-autotzeatiqih Fii.ctiof.. n ot
the input. The results in going from Eq.(11-25)to (111-26) are independent of the type -of input pirocessthvo 1ved. .....

Therefor, the weighting function satisfying Eq. (111-26) yields the "best" lincir approximation-to the actual outp_,_
in the wean-square difference seias, under quite general conditions. At this juncture this general property may
appear to be rather innocuous, but it is a valuable item of background information.

While the desired answer to Eq. (111-25) is given in Eq. (111-26), the details of the development will now
considered as an side. This is largely an academic exercise added for completeness, so the reader may
skip over it if he desires. Using the absoluit value of the error squared, we can obtain the following directly
from Eq. (111-24), where 0* is the complex conjugate of 0.

[dr) - j b~r) a r~dri E,'() • h*(r) z(g- r) Sri

- ()*)- ,(t)( 'h*(r)a*(t- r) dr - r*(r)J h(r)i(:- r) dr

+ 7d,[k,*(r)f*(, -] ,)1 rda Iih,,),1(-u)] (t1--7)

Taking the mean square,

1,67wI IIr f r i r _., ) dr ] d ., I 26)rdd

By noting the functional dependence of various terms (e.g., b*(r)i*(t-r) is not a function of u and so may be
included under the second integral of the last term), ititerchangin8 the ordcr uf inituati.i ii places and
using appropriate bars to indicate the averaging process,

W(,*) - J"* j,() iW1)-!,7Ah()drV():(rrl
+ (u) dvf, (.- ,) (-u)] (f1-29)

d0r b(r)-bvd~

The symbolism can be implified by noting that the barred expressions on the right are autocorrelation and
cross-correlation functions, i.e., the autocorreiations of the reapnse and input are respectively:ra

t ()*,+r) = - rt)'r(t+r)dt

Rjj(r) T)'i(t+r) lir_ -L +T (,1i-30)

__ 2T T ('" rII) d0

and the cross-correlation functions are,
RrO() r()*a( +r) lirm I )*I M 3,+r "

2T'- _

Substituting these into the above expression for 1401' and since R.,r) R*(-r), and R,(0)

Ie)1 2 = R R(0) - f..b(r) R,(r)dr- wt b(r) Rr(r)dr
+ rOdrfodub(r)*Ab }Rjjtr-u) (111-32)

Eq. (I1-32) gives the mean a.quare error in terms of the auto and cross correlations of the input and output
time functions and the equivalent linear weighting function. The next part of the problem is to find the mini-
mum value of r() 2 with respect to MO'). Looking at EI. (111-37) it becomes apparent that the usual method ofdifferentiating lto ind extreme values is not applicable here because:

5
I
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(1) h*(r) is not differentiable with respect to M~r). A

(2) The unknown lunction, bAr), appears under the definite integral sign. k

We must therefore take recourse to the calculus of variations. The general procedure is simple enough and
will be outlined below.

Given the integral I -f'1 ty(x)]dx, one desires to determine ihe-function y(x) which will. mAke -1 _ajniu- .is
mum. To do this, take a function yl(%) which is presumed to be close voy(x), so that

y -~) y(x)+Az(x)

where A is a small quantity and z(x) is some arbitrary function of x with a continuous derivative in the interval
xo f x A xi. The neighboring function yj(x) can then be substituted inro the integral. The integral is then a
function of A and the minimum value of 1(A), if y(x) (which equals yl(x) when A is zero) is to be the function
which makes () a miilimum, will be given by the condition

dlAM
dAo

Applying this to Eq. (111-32), the weighting function b(r) will be set equal to w(r) i Az(r), where w(r) is the
optimum weighting function, A is the smnll multiplier, and z(r) is the arbitrary function. Eq. (111-32) then
becomes

I,(t)l2 Rrr(0) - iw*(r) - Xz(r)1 R,,(r)dr- Jof.u(r)V iAsl r(r)dr

+ Jdr,- duf w(r,, + A z(r)} Ew(u) +Xz(u) R,,(r-u) (111-33)

Differentiating Eq.0(11-33) with respect to A, and setting the expression obtained equal to zero, and then
setting A-0 we obtain

'*(,I14,(r)dt4 - (r)R,*,,,, A ,'ldr d.VAfV,(u),*(t) ,- (u) '()l - o (111-;4)

Now R,(r-u) is an autocortelation function, aud therefore an even function which can be expressed as
R,(r) . R.(--r). even though the coni,gae of Rt, is just R,1 . Therefore, integrals of the form:

f.' d r .duR,(r-u)zWu)w,'(r) rf J dud R,,(u - 0 z(r) tv'l

fr fz(r)drrw*(uR*(r-u)du (111-35)
Then, Eq. (111-34) will take the form, 0 0

J~z*(r)drR,,(r) -IfR.(r-u) u,(u)dul+ rOz(r)drR,(r)- fR,*,(r-u)w*(udu = 0 (111-36)
0 0

Now, if I is defined as

U -m r,0z(,)drR,,() - rR,,J-.u)w(u)dui

then hq. (UI-56) tins the torm

U + U* (111-37)

If U were a pure imaginary it could satisfy Eq. (111-7), but since U is a function of z(r), which is completely
arbitrary, then U must be arbitrary. It follows, therefore, that U must be zero. Then

or, since z(r) is arbitrary,

Rj,(r)- fo'Rj(r-u)w(u)du = 0 for r b 0 (111-39) 9

Finally, replacing w(n) by b(u), with the same definition as the "best" weighting function,

R(r) ob(u) R,(r-u) du (111-40)

which is the same as Eq. (111-26), the previousiy given answer.
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Returning to the main argument, we can compare, for the case of the simple nonlinearity previously k

considered, the result of the use of this general linearization with the result obtained-for th- pu&gain-pteynvl -..
assumed. For a pure gain to be the best linear approximation in this case requires " "

Ri,(r) KRii(r) (111-41) -

If the input were a .- ne wave, Eq. (111-41) would be valid; e.g., the sinusoidal describing function for limiting has
already been shown to - a pure gain. Also, Yince a Gaussian process can be thought of ,s being the equivalent

of a signal consisting of an infinite number of sinusoids of random amplitudes, different freq.tencies, and random
phases, Eq. (111-41) will also be valid for inputs with Gaussian amplitude distributions. For other inputs with dif-
ferent amplitude distributions, Eq. (111-41) will generally not hold, and the best linear approximation may be fie-
4ucncy sensitive. In any event, it is comforting that Gaussian input describing functions for simple nonlinearities
will be amplitude, i.e., variance, sensitive pure gains, and that a strong conccptual tic exists between the simple
sinusoidal descAbing function and the more complex one with Gaussian inputs. In particular it is important to note

that Gaussian input describing functions for simple nonlinearities can be readily derived from Eq. (1I1-19), which is
repeated below in its proper form for Gaussian inputs.

as

K= f.xt()p(x)dx ("0 x,(x);','dx (x1-42)

.,,Xp(x)d,,%rwV

For complex nonlinearities, Eq. (111-26) permits a direct approach to the determination of the "best"
GaLstitn ip,.r ,dt- .eing flin¢c n it n. .int, however, prnv.-fe a ,nmplerely han iy ending. A majnr prohlem
still exists in the determination of the cross-correlation and autocorrelation functions. In all but a few special
cases the cross-corelation is most easily obtained experimentally. Here one coines to the real value of the statis-
tical input describing function since it adds a final piece of information to a wide body of theory upon which an
extremely valuable technique for system's evaluation can be based. The Ceneral concepts of th.s method will be
discussed in a succeeding sub-section.

Finally, it should he noted that all of the preceding discussion, for both sinusoidal and random input
describing functions, has been on the equivalent linearization of a general system containing nonlinearities, where
the inputs to the nonlinear elements have been known, When the quasi-linearization technique is applied to a
control system employing feedback, the situation is complicated by the fact that the input to the nonlinear element
also depends upon its response. To determine the equivalent linear transfer function then requires a knowledge of
the probability density function of the actual input to the nonlinearity, and not merely that of the system forcing
function. This can lead to a difficult situation. Although a general situation c..an be very difficult to analyze,
considerable simplification is often possible for ',oth the sinusoidal and Gaussian input describing functions. This

V• .1e.1, . ,:= t. in .!!e=,Srtem havine eih-" "rft -inisoidal or Gaussian input all the other
signals in the system are also sinusoidal or Ciaussian. If a nonlinearity exists in the system, the sinusoidal or
Gaussian nature of the signals is destroyed, but due to the low-pass nature nf most control systems the input to the
nonlinearity may still be approximately sinusoidal or Gaussian. Therefore, the application of these types of quasi-
linearized describing functions is often valid, even when the nonlinearity is strong.

3. The Stop Input Dase.1bing Function

Essentially the same notions previously applied to the cases of sinusoidal and random appearing inputs
can be applied to the case when transient inputs are applied.t Here again one uses the fundamental principle that
the quasi-linear representation of the system must be based upon its actual input, or one which approximates the
actual input as closely as possible. In the present report, the most important transient describing function is that
for step inputs, so it will be the only one discussed in detail.

In the case of the sinusoidal and Gaussian input describing functions we can deal faily eaclusively
with single elements rather than with closed loop systems since, in both cases, all of the signals in a linear system

t Much of the early work an transient input describing functions is due to Chen [15].
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MAI
wiit have the same form as the input. In the case where transient inputs are used as the basis for the definition of
describing functions these considerations are no longer valid. This Is doe to the fact that ayaem--o ni'transia
input into a nonlinear c ;ament depends upon location of the clement within the closed -loop-sta V.- L
extent than in the case of sinusoidal or Gaussian inputs. Therefore a-gii'6h i .!n ua-,
does not have a practically useful, essentiallynnique, transient describing function. -
control system does have such a transient describing function. To illustrate these ideas and die general method of . ,
obtaining transient input describing functions, consider the system of Fig. 9. Here a step function- isapplied to a
closed loop system consisting of a limiter and a pure. integration.

s

Figure 9. Block Diagram of a Simple Fecdhock Systcm Containing a Limitcr.

9 If the input, i(t), is a step function of magnitude n, where n is greater than unity, then the limiter out-
put immediately following 1 0 will be unity and r(t) will he equal to Kt until a time t equal to (n-l)/K. Therefore

n~) ~ ~ '~[ . C () / .

(n-l)/K 
-"

Figt,r L0. Limiter with Actual Input and Output.

between the times given by 0<t <(n-l)/K, the actual input to the nonlinear element is e(t)= a-KI. This can be
considered to be the proper signal to use as a "test" of the limiter to determine its output, as shown in Fig. 10.
The limiter can then be replaced by an equivalent linear element and an additional input, or rvmnant, signal. This
is shown in Fig. I, where the linearized transfer 4haracteristic of the limiter is its gain in the unlimited region
(-nt;y) and the crrnant signal, a(l), accounts for the discrepancy when the limiter operates in the saturated region.
The remnant signal, a(l), can be put into a form derivable from the input directly, as shown in Fig. 12. The transfer
function g'ving a(t) from the input, i(t), will be called Y.(s), and can be seen to be given by:

Yo(S) = _e (11143)

n/s I ns

One can now replace the nonlinear element by its equivalent linearized blocks, as shown in Fig. 13. Finally, this
block diagram can be manipulated to give the equivalent block diagram of Fig. 14. This is the effective linearized
system, and shows rather nicely several interesting aspects of nonlinear systems. First, it is noticed th the
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(-+)/K -,)) 1 0 (n-1)/K t-

Figurc 11. Equvalent Limirer Consisting of Describing Function and Remnant.

Y.()

a(s)

(l/Kt-. Cn-s)/ 0-

Figuxi.i 12. Equivalcnt Limiter with Remnant Derived from a Linear Operation on the Input.

11(s),

C(s) K R(s)

+ S

H

Figure 13. Equivalent Block Diagram of System with L -miter.

5
I
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effects of the nonlinearity in this case can be approximated by inserting a particular liAeai network outsidt the
closed loop. Second, it is observed that the characteristics of this linen transfer function are function* i , h K , -
the input, a, 4 td the characteristics of the system, in this case K. In essence, the effect of the 4o nlitety has-

I(s) K - (s)

R(4 K

Fig,,r. 1 Mnodified Equivalent Block Diagram of System with Limiter.

been represented by a closed loop linear system operating into a linearized transfer characteristic which depends
upon the nonlinear element, the input, and system parameters. In genera!, this sort of representation will a!ways
he possible with systems having single, simple, piecowise-linear elements within the loop. It can often be applied
when more than one nonlinear elemcnt is present, thoug. the complexity in applying the method increases rapidly
with the number of nonlinear clcmcnrs. The fundamental prublem in the method is involved in finding the transfer
function, Y(s), which relates the output of the linearized closed loop system to the actual approximate output, ;..e.,
that element which give: in "equivalent" cftt-ct of the nltdinearity.

'Then the nonlinearity ia it complex ore -uch as hysterasia, -. cklash, etc., but cati btill Lc represented
by piecewise-linear characteristics, the problem of n quasi-lineari;rnrtin is much more difficult. Also, in these
cases thc effect of the nonlinearity cannot, in general, be taken care of by a block externa l to the closed loop.

C. THE MEASUREMENT OF GENERAL SYSTEM QUASI-LINEAR DESCRIBING CHARACTERISTICS

A primary intent of the last section was to develop general notions about describing functions so that
they could be used as fundamental techniques in the description of the human operator for a restricted and specific
set of conditions. By utilizing these concepts we van often preserve to some extent the simplicity of linear mcdels
without serious sacrifice of accuracy in describing the system characteristics.

As a design tool the sinusoidal input describing function technique has great application in estimating
stability with known nonlinear clemencs anid in interpreting harmonic response results. The statistical input de-
scribing functions have great value as indicators of performance in situations wht:e the general types of inputs are
statistical in nature. But perhaps the greatest merit of statistical input describing functions lies in the fact that
they provide a fairly firm theoretical edifice for the measurement and equivalent linearization of quite general sys-
tems which may incorporate components having unknown characteristics. As examples of such systems one could
include things as complex as the economic system and as simple as an uptimalizing positional servo. Another
excellent example is the problem considered in this report - that of characterizing the dynamics of human operaters
in various tracking tasks.

Having noted the general usefulness of the describing function as a basis of measurement, it now 1V-
comes necessary to develop an abbreviated body of theory upon which to proceed. In the present instance, the
chief concern is that of measuring human operator characteristics while operating in a closed loop task with random
appearing inputs. The random appearing inputs used in the fundamental measurements have been either several
non-harmonically related sine waves or functions having Gaussian amplitude distributions. The following formula-
tion is general enough to apply to either.

Before proceeding with the detailed develoment of the quantities important in measurement, it is de-
sirable to make some comuwents about the general form in which these results should be obtained. Most of the

development discussed to this point has been in terms of time functions, i.c., auto and cross-correlation functions,
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weighling functions, etc. Much of this has been for analytical convenience and to enable the wader to refej easily
to the referenced sources. All of the results obtained in terms of time functions can be interpreted equally well in
the transform domain, since all of the functions concerned can be considered to have Fourier transforms,. For-ex- U
ample, the Fourier transform of the autocortelation and cross-cotrelation functiona ate the power spectral density
and cross-spectral dIensity, i.e., the spectral density, iijw), is

Sj*,(<*) = 2fRjj(r)e'jrdr

and ;he cross-spectral density, $0AjrA) is

'%l(ijo) - 2fRj,(r)e' dr

Just as the correlation functiont, ate defined in terms of the time signals, the spectra are defined in terms of the

Fourier transforms of the time signals. If ItjcU) and R(j) are the Fourier transforms of i(f) and r(t), then the spec-
tral density O. is

and the cross spectrum, *,,(jni) is

l~ im -! .)~~

Because of this duality between the time and frequency domains, we could conceivably take our mea-
surements using eithcr type of function.t As an aid in deciding which type to use. we can consider thrce aspects
of the problem. These are:

(1) The desired form of thc end result.

(2) The relative difficulty of data reduction.

0) The adequacy of the data in a reduced form.

The answer to the firs. item is suaightforward whep part of the final result is to be either a transfer function or a
weightng '-nction A,'ikh ij to be further analyted ind interpreted. While these two functions arc transfomns of one
another, the utnafer lunction is by far the etsiest to manipulate. When the simple practical advantages of Bode
plots are also considered, particularly in terms of one's ability to curve-fit such diagrams, the transfer function is
+iAz definitely the preferred form.

Regarding the second item, the technique chosen for effecting the data analysis, and the amount of
computation noise which is tolerable determine the decision. Thus, if one is in a position to use analog filter
techniques on the data, the calculation of spectre is indicated since frequency analysis is a straightforward ana-
logue computation, whereas the computation ot lagged products is somewhat more difficult. If one is able to use
high speed digital machines, and these machines ate reasonable for the problem involved, there is little to choose
computationally between a frequency or a time domain description of the data. Although procedurally the computa-
tion of correlations would precede the computation of spectra on suh machines, the added machine man.ipultions
do not constitute a substantial argument. Perhaps the only computational excuse for not computing spectra would
arise when individual desk calculatozs were being used to reduce the data. In such a primitive examplc, the added
labor burden might argue against transforming the correlations. This 3ituation is, however, quite remote.

The third item is the real clincher for the outright reduction of data into spectral form. In any measure-
ment program involving complex operations it is extremely desirable to have some notion of the adequacy of the
results. The defining equations for correlations and spectra involve time averages over intervals which in the

I
t This duality exists precisely only lot the complete rterrals. tin the practical case, -'-th finire limits on the intesrla and te-
sticd amounts of data, it is probably wise to compute directly the qnsatity ultimatel -'ired. This avoids, to some extent
at leant, "the twin dagers of cascaded mathematical approximation and complex propagation of statistical finctuaioaA".'
[Tukey, so.1
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limit approach infinity. Clearly then any empirical data must be interpreted as estimates of the true values of the
desired quantities. Although the theory for sampling errors in correlation functions results in cumbesome foxmula-
tions, Tukey and others [4, 8, 37, 38,65, 75, 80, 81 have developed straightforward techalqueso - --- I-
error confidence limits to spectra. Unfortunately, the assignment of ,nfileiee limits torsOss :pectra ha not-a
yet been presented in a reasonably simple way. Heuristic efforts have ben ree . 3] and moe Irigo -s. develop-

ments are presently nearing completion., -. . -1--_- __ - - - - -

For these reasons, we can conclude that the use of the spectral form of- the. data is preferable t at least
at the present time. The following developmentsL therefore use spectral terms almot elihily.

The fundamental control situation to be considered is illustrated in Fig. 15, where a compensatory
system is used for simplicity. In this block diagram, the action of the human is represented by the weighting func-
tion, yp(r), which operates on the error, and a remnant, ne(t). The input to the operator is the error, t(t), and he

r Addifl.oniQmrifty ,(Ifl
Iinijected byr Ith* Operator R

OR WEIGHTING FUNCTION *~)O '6J ~ )O8(t) amI + I C(S) OR C yC(T) am Ye.j ) r(O R

FORCING .- ERROR V C(NT)RLLE D

TRANSFER FUNCTION

HMNOPERATOR_

Figure 15. Block Diagram Showing Human Operator in Continuous Control Task.

controls the controlled element which includes the dynamics of everything, other than the operator, that is present
in the loop. In the problem at hand the task is to find the characteristics of the operator, i.e., y(r) and n;(t), or
some closely related quantities from measurements made frnm observable signals in the loop. The various signals
concerned are recapitulated below, both as time functions and as their transforms. So that the various time func-
tions may be considered to have Fourier transforms it should be understood that the time function used in the trans-
form is identical to the actual time function in the intervals -T<t<T, and is zero elsewhere. That is, the Fourier
transform of a typical signal, f(i), will be used as,

F(j.) = w4TI(t)e- tdt where: f(t) A(s); -7<t<T

f(t) = 0 elsewhere

On this basis all of the signals in the loop have Fortier transforms. The principal notation to be used is summa-
rized below.

t See ao Sectinn Vk-D-3 for a more ekvteasive discusesiua of these points.
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Quantity Time Ftction Fosrtier Transfom

System Forcing Function ................................................ t) - I( ) o t

Error Signal of the System; Input to the Operator ........ E V) of E
Operator Output .............. ............. ..................... .............. c ) C Wt co or -c

Remnant at the Operator's Output ................................. n,(1) Nc(i) or N,

Operator's Weighting and Describing Functions .......... y(r) Y() or

Controlled Element Weighting and Transfer Functinns y,(r) Y,(U A or Y

1. Deterailnation of the Open Loop Describinq Function, Y,

From the block diagram it is apparent that the operator's output is given by

C = Y Ei+ . (111-45)

and the error is given by

EI" -I-R - I- Y(. I- Y(yl'+, h ) (!!1-46)
so that

C Y,(I- YC) + N, (1-47)
or

Sc(i Y, Yp) - Ya,+ I (111.48)

so that the operator's output becomes

,pI+ N, (111-49)

wh.h ih. . .. . ..... re previ,,sly given in Eq. (I-I) Similarly

E =LNK (111-50)
l+ Y, ,

The cross-spectral density functions Oic and 'i can be found as follows,

tim 1.,*) l-I[t(-i")C(iJW)]
Ic r-*,T T- T) lr

jim I Yl+ N, Y - ) fyrl ±1(l*g) I'm -(NI')l (1-)
RI +YA) tI+YYJ r T r T ,

The quantity, r j ii) is recognized as the power spectral density of the forcing function, ti*(). The quantityTheany ,
tim 1 (NfI) is similarly recognized as the cross spectral density between the forcing function and the remnant,

O (/€o). This cross spectrum is zero, since by definition N, has no linear coherence with the forcing function f,

Then Eq. (111-51) becomes
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+ Ypy,

similarly, it can be shown that che cross spectral density between ti:- error and the-input is-

Consequently, the open loop describing function 1', is given by

Oic

VF (111.54)

... . . . . . ...:

2. The Spectral Density of the Remnant

In most instances the value of the open loop injected remnant, N(, as a Fourier transform is not a par-
ticulatly important piece of information. On the other hand, the spectral density of N, is often an extremely valuable
"property" of u,, equivalent linear system. To find this quantity we can form the operator output power spectral
density, noting, as before, that the forcing hinction-renant cross spectra are zero,

=i (*C I. IP VIN*IY+j

sclonsednltee loop describing function an deinin giv/lIen I y~ a tecoe oo enn peta e

=Y- I t 4-. (111.56)

fThe pectinfhatlttycpn the semnantwi

p In most pistaest the ota ou tput power wi tr no lnay cohere nt with the in u

t.as Plosre pdecri fnction H nd de hand , ahe spectra densityhef roandttheaneanrSqearedauro

Thporte powre anpec inta d ynensit of the o ta quantite cpoan form the coset ootpu es siply

diced ltng. aFor thareet the trm .ing prefeunrredne t re pcrren, wize tregroiin h oa

pin ofcssi sesett esr the opertor' "output power whic term notatrto linearly coherent with the irm

3.for Sctao the rror andove an qure dErrorcoelo"rmnt.SneY/I )iseonid
Thaloe o w erin spectldityo ror can bne defining in(~l as e fose mtobvo eian spectrl y

- lim j- *E) .. imi.L I[1 V-cN~ INc *iziE
T T- T, e+Y, il+Y p a

= I+ , + .. c.T Y Y I ..mo (N*Ne (I-5 i)

which, in terms of the closed loop transfer function, is

1, LJ.,,1V, (, (1- -58) 1
ini
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An equivalent expression can be found from considering Eq. (111.46). In this instance - 4

- drn.-(E*e) fiMi - ,CC)'( 'C -, " "j ..-- - ,

- T-

,' *lV, 2 Real ,YItZi) (111-59)

A common performance parameter in many uyatems is the mean squared error. By definition, the mean
squared error is given by

- 2Tin.!_ fr2(t)dt - R,,(O) (II1-60)

This is related to the. spertral density of the error by the expression

fo-) = ! )df . ;=

The mean squared error could then be found either by inserting (111 5) or (11.5)) into (111-61). Oftentimes the ratio
of the mean squared error to the mean square forcing function is an interesting measure of system performance.
This quantity will be, using equations (111-59) and (111-61),

-- ° IYe(f)I2 $,c(f) d(- 2Re J'.I)3,(/j di

4. The Definition of the "Linear Corrt-io-n" and the Signoi to Noise Ratio

In general, one tends to have the most confidence in the describing function technique when che quasi-
linear transfer function, by itself, provides an adequate representation of the system, i.e., when the remnant term is
relatively small. In prnaticc this means tlmt if tle se,,niant is small, the analyst can ignore its effect. When the
remnant is large, ugly suspicion will arise that some important nonlinear effects may be occurring, and the analyst
is their forced into the often difficult task of trying to explain the source of the remnant on a basis consistent with
the initial assumptions of quasi-linearity. If this process meets with little success, as would occur when the
temnant was large and strongly correlated in a nonlinear fasuion with the forcing function, the only recourse is to
abandon the describing function concept and attempt to deerminc unonlinear approxiinations tor thc systeni.

In any event, it is desirable to have a means of relating the amount of linearly correlated output to
tuKal output. This fraction, called the linear conrel.tion, ean 6e found directly from Eq. (111-56). The fraction of
the linearly correlated output power spectrum to the total output power spectrum is the square of the linear correla-
tion, p, and is given by

p 2 1-- -- (111-63)

If one prefers to think in terms of a signal to noise ratio, then since

41.= -p2  
(11.6,)

the output signal to noise power ratio will be

0).. -- , -p2
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The linear correlation can-also be found i, terms of the cruss-correlation function between the forcitng
function and operntor output, since, by Eq. (1I-52),

- 4D_ - or
_1 f r - = - -(111.66)

Then

of
l4V1. , (11i-68)

In practice, Eq. (111-68) is uscd to find p, which is "hen normally used to compute the closed loop remnant

5. The Possible Sources of the Remnant Term

That portion of the operator's output which is not linearly coherent with the forcing function can often
be a large and significant portion of the operator description. From an experimental point of view the total remnant,
due to all sources, is conveniently lumped in the term (P.., which we have previously called the closed loop remnant
at the operator's output. Lrum the standpoint of the analyst, the possible underlying sources of this remnant are
extremely important, so some dis.-ussion of these is necessary here.

Fundamentally, the remnant, 0,, is the power spectral density of all of the operator's output which is
irnt lilcarly chcrent with the forcing function, i.e., which cannot be ",-Xplained" an the result of a linear opcation
on the system input by the action of the operator. I ierefore, in a given situation, components of IN. could result
from the following sources:

a. Operator Responses to Otber Inputs - Operator responses to inputs other
than the supposed system forcing function could exist in two categories,

(1) The result of a linear operation by the operator en these other inputs.

(2) The result of nonlinear operation on these inputs.

b. Nonlinear Trans/er Bebavior - Nonlinear operation by the operator on the
forcing function. The portion of the remnant due to this source would be coherent
with the forcing function by some nonlinear correlation.

c. Injection of Noise Into the Loop- Injection of "noise" into the loop whidh ;W
completely uncorrelated with the furcing function, i.e., is unexplained by any
linear or nonlinear correlation. This noise could be injected at any place within
the operator's "block" in the system block diagram, though it is usually most
convenient to consider it as being lumped at the input and/or the output of the
block representing the linear operation of the operator.

d. Nonsteady Bebavior of the Operator--The variation, during a measurement
iun, of the operator's linear transfer characteristics. By necessity, the describLig
function is found experimentally by the use of fairly long runs, e.g., two to four
minutes. In particular portions of these runs the operator may be responding in
one linear fashion which is changed to various other linear modes of behavior
during other portions of the run. The measured describing function is, of course,
a particular kind of "average" of all these characteristics, stid hence cannot
"explain" all of the actual output power. This type of behavior has sometimes
been called "nonstationary" oneration of the operator. but in this report it will
be called "nonsteady" behavior to avoid confusion with the term nonstationary
as applied to time series.

Each of the above sources, with the exception of item a(1), will be considered in more detail in the
following discussion.
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a. Operator Response to Other Inputs

To see the general effects of an additional input on the reuimnnt tezm oonsider -the twQ bloak diagzarns

of Fig. 16. In the single input system oi Fig. 16a the spectral density-of the opcrator's oliput, 4k.,,igiven by---

rr-

Y" .I ingle InptSyt'

HUMAN OPERATOR

a. Sinble Input System.

Figure 16.

In the double input system of Fig. 16b, for which 11 and 12 are independent, the spectrai density of the operptor' a
output is

I1+'Yc.4 - Y#'I 1~ +Y "+P '. F" 1 + . V, (111f-70)

When the measurements are takeen on a system such as that in Fig. 16b, bul the assumption is made that the system
configuration is that of Fig. 16a (which might be done because the existence of the second input, Ou. is not known),
the observed remnants and linear eorrelarinn would be
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' .- I 2y+vy,I.ifh+, e) A

The actual remnant and linear correlation of the two-input system would be, of course,

I POYPPt'r12 20+ I-= 2,
+ P, I t+ YP- (1.

The ratios of actual to observed remnants and linear correlations are then

"'.ob. a

"act + I,'- - (1n.73)
P- +

From Eq. (111-73) it can he seen readily that the operator's apparent remnant could be higher and the linear correla-
tion lower if all the inputs were not taken into proper account. While this statement is almost a truism, improper
considelatiun of all inputs, nonetheless, -&pree.- on -¢,#nt source- of an ohservedl remnant.

b. Nonllair Transfer lehavlor

With sinusoidal forcing functions the existence of nonlinetr transfer characteristics would require
harmonics in the output. When the forcing function is Gaussian, an analogous phenomena will occur, with the
remnant containing power at all harmonics of the random amplitude and phase sinusoids which can be &ought of its
making up the Gaussian forcing function. This means that one necessary condition for the existence of nonlinear
transfer characteristics is remnant power at frequencies other than those represented at substantial power levels
in the forcing function spectrum. However, the mere existence of considerable remnant power outside the effective
bandwidth of the forcing function is not a sufficient condition for the existence of nonlinear behavior in the trans-
tr characteristic, since injected noise can lead to the same result.

A aecceasty and sufficient condition for nonlinear transfer behavior is pretent when the describing
function is dependent upon forcing function amplitude. This possibility may be readily checked experimentally by
using more than one amplitude for the forcing function (at equivalent spectrum shapes and bandwidths).

If the describing function for a given forcing iunLton shape and bandwidth does have a distinct ampli-
tude dependence, thca the next step is an attempt to isolate the probable causes. This process is essentially one
of decomposition of the describing function parameters into those that are dependent on the input aawilitude and
those that are not. Further examination of the amplitude dependent parameter will then often lead fairly directly
to the possible source. For example, if one had a meas-red transfer function having an approximate analytical
model K(u)/(Ts 11), and plotting (7) versus o resulted in a plot that looked similar to Fig. 8, then one would sus-
pet that a limiter was present. This type of detective work can often be used quite successfully, but one should
remember that the validity of the procedure depends upon the assumption that the element input signal is essentiaN.V
Gaussian (if the forcing function is Gaussian).

c. injection of Noise Into the Loop

A portion of the remnant may result from the injection into the loop, by the operator, of an extraneous
signal uncorrelated with the forcing function signal. Its point or points of injection could be almost anywhere
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within the human operator block i the block diagtmi, Since -the .operatox~ is-c9ns dered toz have only two terminals,
i.e., an input and an output, the experimenter can Measure ;AJ~y the~ eftecitr.o gikthe Rtoiiiis signals at -rhe..oquSt

* The exact locations'and forms of components of -this ove(All si&Q. to-diecfre ininssible
mental techniques based, only upon this type of. two tetrrigjlvt aif *sjeo o.
suitable, models, based upon other data and reasonable, assumpto. mht-rie~u Itinaph .-ffec ,at-theiaitput equivakl( en!
to that actuailly observe&d. T6ajain insibht ifito the-p iblifdi-iii of these m6delsi itris often Vitluableto sake the-
measured closed loop remnant data ated transcribe it into equivalent open loop data. This is getierally done assuming
Lhat all of the 0.~,, term is due to tlie inji~a of ni extrancous signal tt a pa.rticular point in the control loop. Foi
example, if all of the closed looep OIk,, is assumed to be due to noise injected by the operator at his output, then the
pa.6 er spec; tal density of this open loop outp~ut noise will be (see discussion preceding Eq. (111-56))

IIn + rl), Y.~P,, 11 (111-74)

On the other hand, if all of the closed loop (b.. is assumed to come from noise injected by the operator at his input,

then the power spectral density of this open loop operator input noise will be

If tile operator's transfer block is broken down into a more detailed block diagrain, other sources could also be
considered in t similar fashion.

On(-#- the- remnant term is placed in one of these openi loop formis thne analyst can attempt to ill-rive somte
model which appears to fit the datal. This is a powerfutl technique in many cases, and can often lead to considerable
insight into what may actually be occuring in the system.

El. Nonateady Behavior of 16, Operator

During any measurement run we would expect the operator to vary his transfer characteristics to sae
extent, and this variation of transfer characteristics will have a distinct influence on the operator's output power.
In other Wort.!, we would captet Eie actual system linear transfer characteiistic to be given by some system func-
tion II(jra,:t) instead of simply H(jca). This possibility immediately brings up two important problems,

(1) If the system function in time varying, i.e., g:ven by H(jmi; t) instead of 11ljo),
what is the output power spectral density?, and

(11) What portion of the output spectral density of (i) is linearly coborew wish the
funiing function, i.e., capable of being "explained" by some transfer characteristic
derived from a croscorrelattion measurement?

If part of the output power of item (i) is not "linearly" coherent with the forcing function, in the sense mentioned
above, then that portion is a possible source of remnant power.

Looking at the second question first, the operator's output, c(.), is given by

- Y'N~it~tF~i~)I(111-76)

As written, Eq. (111-76) ii. obviously linear, though the cquivalent differential equation would have time varying
coefficients. The reader could quite logically comment that any output power due to the transfer characteristic
fiGJc; 0 would be "linearly coherent" with the input, since H(,aa; 1) is a linear operator. In the sense used here,
however, linear coherence refers to that portion of the output given by the operation, upon dhe forcing function, of
a transfier characteristic derived from cross-correlation measurements. From this point of view it is not obvious
that all oi the output power due to operation upon the input by a linear system function HMjrait) will be linearly
coherent with the input. Exploring this further, the forcing function-operator output cross correlation is
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Rt,(r) = * 4fdi~c(t+r) dt

-2T

T- r'2T -' '2r+. .

To apply this result directly to our problem, we shall assume that the describing function vAries about
some average value during a run, thereby becoming a time varying describing function. If we assume that the time
variation is separable from an "average" transfer characteristic, which is a frequency function only, then

Hjo*;i) - H(jr)+AH(t) and H(jow;t+r) Ho(joj)+AH(t+r) .

Equation (111-77) then becomes,

Consider only the second reriu on the right hand side of Eq. (111-78). This becomes

ima T ..- 1 . '", d 2 ()AIQ+r)d (179)

r-=jTf f4(r)AHt+r) 1cj c 1if~
or, alternatively,

~fI~j~) [ ! iJtQ) All(t+r) e) ~dr dca

In examining these integrals, each of whirh is the time-varying portion of the crosu-correlation, thete are two
interesting cases to consider.

Cos* 1: AH(9) is an analytic /wicsion. AH(I+r) can then be expanded into a Taylor's series as

AHj + 0 Aii,) + t AH'(r) + AH(r) + A,,-(r) +. •
AH(AH " d iH(11.0

n=O nl dtn

Substitutinp Eq. (M11 R0) into Eq. (111-79), we can obtain,

n.. I din IT.00 2T ' I

inelirm I.. *T.,, dt
Since UM L r+!o2! - is a constant, the limit and integral enclosed in the brackets of Eq. (111.BI) will (if no further

restrictions are placed upon the functions),

a. diverge if n>0

b. be equal too 1if.'.
The instance for a> 0 is the important case since for n -0 there is no time variation in the transfer finction. Becaue
we always have finite run lengths, however, the term in brackets will generally have a finite value, giving, rise to a
measured cross-correlation function which is time varying and dependent upon run length.
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Case 2: AH(t) is a random function. If AH) is a randor, function there axe two possibilities.

a. Al-(t) has some coherence with i2Q) and hence vith i(t)_ In This insza mehe
integral giving the time varying portion uL-th eprossiwore1tibn will hilv -- -- _
and the cross-corelationmeuis iineiiC i tli iriTa-coutt -
b. AHt(t) h-as no-eoherende *,ith-i2(t)-afid. -tequ' tldy-no-cbbi-re-.nc- w'ith-it).-"= -=--.. -"-:

-Here the cross-correlation measurement will not take the time vatying chartc-.
teristic into account. The output power due to such a process will then be in
the remnant and de cross-correlation will measure only the "average" transfer
function ,(ft").

While the possibility of an analytical time variation in AH(t) is by no means ruled out at present, it is
dfe to aay that it is improbable and so we shall drop it fromi tcher consideration. A stochastic .AN(!), nr a vari-

ation over the measurement runs that amount to almost the same thing is quite possible, however, and hence such
a torm of nonsteady behavior must still be considered.

Proceeding now to the first question above, the answer is readily at hand, fm Ziideh has shown [95]
that if the system function .s H(joj;t) instead of 1(jw), than the output autocorrelation function R,,(r) is given by

R,,(r) OH- R/, (r,., )'.(m ] (11I-82)

0,, is the forcing funton power spectral den-ity and Riti(rco) is the correlation function of the system function, i.e.,

Rmm(, ) = i ra I -rir. 21 4ril,, t} i t r)dr (111-83)

Using equation (111-83),

"'H( L) - i jI:fl(i) + ~iz~( 0 -a, I~+r1d

i- 2T-r I lHol AHQ) t(-. j) + H0 jo)H(z+r) + Al()AH(t 4 r))di

1HO12 , l(-ja) lirn- 1 f T rd,+H(j Ht+dli I 4r T ()I(,rT..Ou r o(j").'2 2Ti.r, dt.+ w... 2TLT AH(I)AI(tr)dt (111-84)

The first and second integrals will be zero if AH(t) is a stationary random process of zero mean, and the third inte-
gral is just the autocotrelation, RAHAH(r), of AH(t). So Eq. (111-84) becomes

RHH(,,) = IHo +RApAR(r) (111-85)

The murnearrelation of the operator's ourptt, will then be

which, since Rnlg,(r) is a function of r only becomes

R,,(r) = '( III e14.AH4 .(d R ,) (111-87)

If we desire the output spectral density rather than its autocorrelation, then

*e(OJ) 1 H0P411, +3[tRM,/ rAr) a11(r)] 1

where 4 '&,tm) is the power spectral density of AH(t), or the Fourier transform of Ratfhj(r). This second term is
due to the nonsteady behavior of the operator, and will be denoted by the symbol O'q for convenience, i.e.,
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*MPcIJ) 3[RAtW(r)R.Wr1 = '~hW Wd((1.9

Then - - - -.. . i . . .). -

Equation (111-90) answers the first question ibove, giving the outpui power speciral-density due t:ohe -a-8s clUw ----
sort of nonsteady operator behavior. -

In general, probably the simplest terhnique for examining a remnant term suspected of being largely
power due to nonsteody operator behavior is to work with the autocorrelaiion functions, for then

Re.,r)
R&6e,xts) ,- ( (IIn-91)

and when r=O, 0.

- (111-92)

Then none of the above po.sibilities, by themselves, aw- useful in explaining the origin of a large
remnant term, one is reduced to the inevitable conclusion that either a combination of sources exists, or very non-
linear and/or nonsteady behmw4ier is extremely important in the problem. If extreme nonlinear behavior is the
asm-cr, the quasi-linearizatioa technique is not too applicable and one must seek a nonlinear approximation. From
an analytical standpoint, nonlineus methods analogous to those quasi-linear techniques used to this point are in
their infancy or nonexistent. In terms of the effort involved, nonlinear correlation methods make such things as the
reduction of data i.,to coss spectra (which is an onerous, time consuming task) appear like child's play. Therefore
dt the overall -,stem is exceedingly nonlinear, in the sense described above, the most reasonable step may be to
adopt a purely empirial approach and attempt to find a suitable nonlinear analog of the operator, When analog iuzc
puter elements are used in this process, the overall nonlinear problem can often be fairly straightforward.
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Section IV

OPERATOR RESPONSE TO SIMPLE VISUAL INPUTS . . . .

A. THE. OPERATOR'S RESPONSE TO SINGLE VISUAL-.STEP INPUN. . --

One of the simplest of tracking tasks is the process of following a single step forcing function in a

situation where the controlled element has no appreciable dynamics.* Some aspects of the operator's behaviot in

performing such tasks have been studied by a host of investigators since the dewn of experimental psychology.
Most of these investigators have been concerned with various reaction time experiments; a much smaller number

have been concerned with examining the problem as a tracking task and applying dynamic analysis methods to the

results. It is primarily the latter results which are reviewed here [14, 32, 57, 71, 77, 781.

In terms of experimental results, Fig. t ehows typical repomte 1 o viauai step inputs from an

experiment in which subjects were to follow a line on moving recording paper which could be viewed through a
narrow, transverse slot. The original line drawn on the paper consisted of a step, which served as the forcing
function. A line drawn by the subject was the output.

SOP~ERATOR'$ RESPONSE

% 

%~

F Ti t I I I I- .. t
.3 .4 . .6 .7 .8 0 .1 .s .3 .4 .5 . , .7 .3

TIME ( ec) TlI (see)
,:. b.

,% %

1%

1-7- -T- 7 -- - -

I I I I I i I I I I I I I I I ... I I
o .1 .2 .3 .4 . .6 .7 .4 0 .1 .2 .3 .4 .5 .6 .7 .8

TIME (w) TIME (8*.0

Figure 17. Typical Responses In Following Step Displacemects of a Moving Line.

(Ref, 32)

Similar osponsee have been observed in an exper ment in which subjects tracked a target by moving.
an aircraft type control stick [781. The target wam a dot seen against a vertical line on an oscilloscope. An the

*In the performance f the actual elpefimereAl work reviewed here a sequence of steps was supplied. In the sense used above,
such a sequence is considered to be essentially a repetition of single step presentation if the time between successive steps
is large, and the amplitudes of the steps are cotstant in magnitude, though possibly of either sign,
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jumped to the right or left, the subject was to move the stick to return the dot to the vertical line as quickly as
possible.

Reference 21 also describes comparable treults in an e perit" IS2 ertca H mune4 oab-

disk with a triangle painted at a point next to the outer edge having ftn apez poiedtwr ili center o A -- k.7
The operator wa Priovided with a contro wheel linkeA itoely.with fpoiic:.ftar a step fuiftHhdbeeh-p.
plied to the disk the opeirator would line up his pointer with the apes of the triangle.-

In terms of types of displays, the second mentioned is compensatory. the third pursuit, and the firs:
has aspects of both. We will, howe ver, discuss the results of all three experiments by considering only Fig. 17
since the experimental results are quite similar with respect to the efferts in which we are interested at this time.

Inspection of these figures ievemis that the respt. 7e can be separated into two phases. The first
phase consists of a dead portion (reaction-time delay) during which the subject makres n mov.empnr at all: After
this initial period there in the dynamic portion of the response. during which the subject moves relatively quickly,
ending with, a small error (the primary movement .&' this positioning response); and then sometimes more slowly
toward the niew position of the line, eliminating the remaining error (the secondary movement).

The average duration of the dead time portion of the responses shown in Fig. 17 is about 0.25 seconds
and is well within the range of simple reaction time to visuai stimuli given in References 79 and 94. It is not
meaningful to present average values for human reaction time to visual stimuli without considerable explanation
rince tic ime measurements are functions of r-uch subject centered variables as attention, motor set, training,
alertness, and mode of response, and of such stimulus variablcs as the complexity of the stimulus, the intensity
of the stimulus, and the temporal interval between stimulus and alerting signal. A good lower limit for simple
reaction time toi a visual stimulus for a practiced alerted subject is 0. 180 -'r.comds. This total dead time may be
analyzed into it. c;;mnpuneuats. its an, approximate fashion. The latencies of the visual process will vary from 0.035
Ev 0.0"T %mui-zd 1761, dependinig un the intensity of the stimulus. Considering synaptiz delays and reripheral and
central conduction times, the total time fur a command to reach the touscle would be 0.01 to 0.02 seconds, and the
muscle contraction time would be between 0.02 and 0.04 seconds (691. The difference between 0.180 and the sum
of the lower or higher latcics ior the components of the rcaction time can be attributed to central organizing
processes (57,69, 781. Such organizing processes would have to account for between 0.05 aid 0. 11 seconds for the
example given, In Fig. 18 we have muscle action potentials from the biceps and triceps of the arm of a subject who

ARX ovEAE~rOF ARM

ExTeNSOR ACTION PoTENTI#ALS 40A

FLEX C#O0HPOTENTIAL ... ,:h l

0 100 ,00 300 400 Soo
I I
I TIME in astilfsicontis

a Is c

Figure 18. Muscle Coordination in thie Exttension of dhe Arm
(From Re. 39 p.9
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was told to extend his arm as quickly as he could after seeing a visual -signali This response-wis,_6listicraietr.
than continuous. Note that the interval c-a, which is the reaction rime of about 0.200seconds consists of conduction, C
synaptic and organizing delays whose sum is 0.140 seconds measured by b-a knti-a period qfmu t cin
and preparation to move the arm of 0.06 seconds which is mcasmnrilby c-b.- --T --
tenuous discussion-of neural lags is to acquaint the reddot With he.pysiological-llnis2aainln iiisniiti.P
system, and to raise the possibility that in certain types. f o 1to tasks the operator-may bebaracu~rizedbyL ..
latencies which will be considerably shorter than the -tiial reaii6n ti-Iateiii-i, if liis-iitial organizing procss
latencies can be cut down by training or the nature of his task. .

A movement response to a visual stimulus can be execeed without continual visual control of. the move-
ment, as shown by (b) and (d) of Fig. 17. In these figures, although the line to be followed was suddenly terminated
after the step occurred, the proper response continued with but relatively little final error. It is apparent from these
results and the experimental setups that the dynamic portion of the response is not under a closed-loop type of
control in which the eyes are used rn i ontinually measure the error. The detailed meeh~anim need by the hurman
in generating these responses is not yet known, but speculation and some experimental effort has led to the inter-
esting and instructive opposing points of view summarized below.

Reference 78 states that the dynamic portion of the response is ballistic with the effectors reacting in
an open-loop fashion to the signal from the.central nervous system which was set during the reaction-time
delay. References 32 and 57, however, point out that such au open loop characteristic might not account for
the oscillatory"hunting" which is apparent in some responsts to step inputs, such as that in (b) or (c) of
Fig. 17; and that an occasional oscillation of this sort could more readily occcr ;i the dynamic po.Tion of the
response is made under some. type of closed loop control. Since the eyes are apparently not included in this
loop, the feedback signal, which is continually subltacted from the "command" signal set in the cerebellum
during the dead portion of the response, would then. come from the proprioceptive receptors in the effector
which makes the response.

The proponents of the "cam action" or ballistic response viewpoints counter 161 part of the "closed
loop" argument hy experiner:ts on kinesthetic reaction rime. The results of these experiments yielded a
kinesthetic reaction time of 0.129 scconds before a !.ubjcct could stop a falling motion of his right arm, which
was encased in a splint and initially held horizontally by an electromagnet. It was concluded from theso.
tests that th kiatchctic reaction timc was too long to permit continious voluntary control of short-duzation
band and arm movements by kinesthetic information furnished through feedback. Reference 16 also notes that
the closed loop, proprioceptive feedback model would require continuous and up to date information on the
space position of the body member. It is then stated that physiologists currently believe that the type of
ferluha&k uaderlying thi ptoprioceptive reflexes arises from receptors which indicate the amount of tension
within n muscle. The position of the body member is known, but this knowledge is presumably gained by a
synthesi.i of the activity of a large number of receptor organs of different types and in different parts of the
body. Such a computation would probably require a length of time comparable to a visual reaction time.

in partial answer to these objections, References 32, 33, and 57 state that a reaction-time delay is not
determined by the time required fo, sensory perception and aransmissiota, but that it is used up maostly in cora-
puting and setting the signal sent to the effectors. Then, if a computation and setting up of the response are
not required, the rime delay imposed on the feedback signal may be very small. This could conceivably be
as small as the 0.03 to 0.06 seconds cited above for the combination of nerve conduction and muscle contrac-
tion. The hypothesis offered is that the dynamic portion of the response to a step input is made under closed.
loop control with the proptioceptivc senses, and without'reaction-tiae delay. Support for this rosition can be
found in studies which attemptd to determine the rate at which a single motor unit could cantract in volun-
tary contraction and yet have each contraction modified on the basis of its predecessor. Using the higher
delay time of 0.06 spconds, one would conservatively expect that muscular contractions in continuously con-
trolled movement would occur at a rate of sliAhtly more than 10 per second. Electromyographic studies of
voluntiry movements of moderate strength show just such a rate of electrical discharge corresponding to
muscle contractions [691.

Getting back to the experimental data, we can readily see that the facts are not describable Ly either
the pure pursuit or pure compensatory block diagrams of Fig. 2 if the visual senses are not in the loop. In terms of
an outer loop containing a visual sensor, the response appears to be essentially open loop, feeding through either
Y, in the compensatory case, or Y, in the case of pursuit. In either event the result is the same, since both sys-
icizi -Juce to siugle blocks when viewed in this outet loop sense. The points of view discussed above are not
contrary to this, but are concerned rather with the behavior within the blocks, Y or Y,,. This is probably most
easily seen by referring to Fig. 19, which illustrates both notions. Since external measurements allow us to
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datcrminc only the chracted.stics of the input and output, we- can only deter mine an equivalet ra irfer fuctiion
for tr. operator of the form e'"(a). The transfer function-Ytg will be unlird that-Afxicenmw~..
since both nerves and muscles are involved, regardless of the-above stated paints . v iXAw. 7he it te- Ie-1a
i", represents the effect of tO visualreactlon tirne for this type-of: inpprnd ---will, beof -the orde 4- 0 -

1 II7 - 7

i(t) I REACTION TIME "NEUROMUSCULAR" c(r)

DELAY - SYSTEM
VISUAL UI .y MOTION

FORCING eOUTPUT
FUNCTION 1FORC, OR .....

I rYeY,

a. Cam System.

r- i

"NEUROMUSCULAR"I ! ] SYSTEM

i() I REACTION TIMEC )

FORCING UI PUT
- - Ui _ I

N4EUROMUSCULAR SYSTEM L_.--------.

I I

h. Closed Loop Servo Analogy.

Figure 19.

To derive a step input describing function wHich wvold describe the dynamic portion of the response,
curves can be fitted to typical responses to step inputs. 1hen the Laplace transform of die f.uu;s aep ecstibn8
the fitted curve is taken, multiplied by s (because the forcing function was a step function), and divided by the
magnitude of the step. The resulting linear transfer function when multiplied by an • to take into account the
reaction time delay, is an approximation to the overall transfer function of the subject in responding to a step func-
tion command. Work of this nature is described in detail in References 32, 33, and 57. Figure 20, taken from
Reference 57, shows two curves fitted with typical responses. These and similar data were then put into transfer
function form [321 giving the quantity YN(s), which describes the overall dynamic portion of the operator's response.

If one is inclined to view the neuramuscular system as a closed loop operation, the open loop neuro-
muscular system transfer function (Y,Y,.) of Fig. 19 can be readily found from these same data iF it is presumed

that Y., = unity. For frequencies up to .0 rad/ser, polar plots of YS(j) were matched by the plots obtained by
closing the loop around the function
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Figure 20. Dynamic Portion of the Responses of Subjects to Step Input (Reaction-Time Delay Omitted).
(Rol. 57)

K

( s(T~s2 2 Ts + i)(II)

where T 0.042 sec; (11T = 23.8)
"- 0.5

K - 6.1A to 7.85 ,ec

Reference 33 contains these Nyquist pints.

Regardless of whether one holds the "closed loop" or "hallistic" paint of view regarding the "neuro-
muscular system:" the following trmnafer function will describe the dynamic portion of the response of a human
operator to a step forcing function (to the eitent that the data are representative).

Yti(s) 1+K(s) (IV-2)

where KG(s) is the function given in Eq. (IV-l).

To include the dead portion of the response due to reaction-time delay the factor m7 must be included.
The linearized data then gives Eq. (IV-3) as the human operator transfer function for the case of hand motion and
essentially no controlled element dynamics, when following a visual forcirg function consisting of a simple step.

Y?(s)STEtP (i"YN(s) -r 2s3 7 +s +l- (slI)+1 Ts+l

K K K

It will be noted that the last approximation of Eq. (V-3) is a simple first order lag. This may lead to confusion
since the neuromuscular system possesses inertia, thereby requiring at least a second order uanafer function. For
sufficiently low frequencies, however, the first order lag is a .uitable approxitnation, and it is debatable whether
the data should be pushed much further than this.
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B. THE OPERATOR'S RESPONSIE TO A VISUAL SEQUENCE OF STEPS

The. response r- a single step was coveted alipve. The topic to be discused in tlisub-seci is - .-
that of the operator'e. esponse when qhe step commAnd sequence ul tetvalsbitween.. repand/or varying step ta-lithdeii. ": -""" ," . .-- - -. .: . _-. .. ,

i it would be convenient if the principle of §uperposition could be applied iind-hence -ermit-the-prediccion

of the response of n human operator to an irregular sequence-of steps simply as the resultant of his responses to the
individual steps, using the transfer function for r.ep-function responses obtained above. While the final conclusion
of this Nub-section will be that one can do essentially this without too much error, there are two special character-
il.tics rrpirin, some consideration. These are the possibility of a refractory phase (a peiriod of time after a stimu-

luF when the operator cannot operate on a subsequent stimulus -analogous to the tefractory phase for individual

nerves and muscle fibres), end the so-called range effect, Superposition will he inapplicable to the extent that
either of these effects exist.

Several investigators, among them hiick [411 and Vince [87], have indicated that a psychlugital refrac-
tory phase may exist, and that a certain minimun. time must therefore elapse after a first response before the response
to a second stimulus can be rnade. This time is in addition to the normal reaction-time delay which would be ex-
pected to separate the second stim,.us and response. The experimental results upon which this tenitativw conulu-
sion was based showed an increase in response lime (used to approximate reaction time) as the time interval was
decreased between individual steps in a sequence. It should be noted that these same results can be partially
arcounted for by considering the operator's bandwidth limitations. In other words, a sequence of steps used as
inputs to the transfer function YN(W, Eq.(V-3), will give response records where response time valuts appar-
ently increase, due to a scale effect on the ampl:tude of transient modes, as the spacing between steps becomes

Other inves-tigators, such as Ellsuo and ilill [251, have performed espeimetmtn front which it i6 pusbible
te infer that no refractory pha.,e exists as such. While the type of experiment performed by Ellson and Hill decs
not prove positively that there is no refractory phase in the response to a sequence of opposed steps of constant
a.mplitude, it does point stton8ly in that direction. Thretfore, until mnore definite information is estabiished to the

contrary, it can probably be assumed that a practically significant refractory phase doe" not exist [211.

The range effect is a somewhat different matter., and in the case of certain sequences of steps, the
operator's response may be modified slightly in a nonlinear fashion. If a sequence of command steps of about the
same relative size is given the test subject, he will rend to overshoot in his response to a smaller step and under-
shoot in his response to a larger one. In examining this phenomenon Flson and Wheeler ran two serien of tests

[261, one with input step amplitudes of 0.25, 0.50, and 1.0 inches and the other with amplitudes of 1.6, 1.5, and 2.0
inches. The subjects tended to overshoot the one inch stimul" a when it was the smallet in the series, and under-
shoot the same srimulus when it was the largest. The tendency is therefore a function . -ange and not simply a
result of the absolute magnitudes of the stimuli.

This range effect can be considered as an example of a type .of behavior pattern often found in psychol-
ogy and termed by some the "central tendency of judgmnet." 'An !c prc.:.: .-..- Y:.- ; ,Jdency is definitely present,
but as can be seen from Fig. 21 the overall effect is really quite small. We can conclude, therefore, that the range
effect is not too severe a deterrent to the assumption of superposition, and that the transfer function given for
single steps, Eq. (IV-3), is also reasonably suitable to describe the gross behavior of the operator in tasks involving
sequences of steps.

A final point that should be mentioned on visual step sequences is noted in Reference 14. This was
the result of an experiment using the pursuit setup previously described (rotary disk for input, control wheel and
pointer for output). In this experiment the subjects were asked to respond to inputs consisting primarily of more or
less irregular, closely spaced, steps. The input was much closer to a random type of input than simple step
-eq-eqenes, but individual steps and responses were still recognizable as being particular input-response pairs (see
t-ig. 12). Therefore, the individual reaction time delays could still be measured. The results of this experiment
indicated that the reaction-time delay to often-moving, irregular step-like inputs might be slightly less than that to
steps where the rime between input movements is sufficient for the operator to settle down to a constant position.
The a-ra. -i-f- rc tim delay for the irregular inputs was about 0.2 secondr, at opposed to the average of 0.25
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Figure iResponse to Closely Spaced, Sep-like Irregulr Inputs.

(Rej. 14, p. 71)

seconds obtained With the SaUMC Subjects Using more widely- spaced and less irregular step forcing functions. This"
result, and similv effects due to warning and motivation found in classical reaction time experiments, is helpful_
in explaining some of the lower reaction times found in tasks, such as tracking random inputs, where serial rather "
than solitary respon~ses were demanded of the subject. J

N. THE OPERATOR'S RESPONSE TO VISUAL. SIMPLE PERIODIC

AND OTHER LCOMPLETELY PREDICTABLE' FUNCTIONS

response of the operator to this system input form, with no controlled element dynamics, b s been thoroughly
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studied by several researchers. Notable iesults have been reported by Mayne [32,33, 57] and by Ellson and Gray
(241, among others,

The Goodyear (Mayne) experiments utilized the recording paper, na*ow slit, ppzAwatoucheon t -:

previously in the review of operator responses to simple step inputs. Typical results f these studies, whieh are

"- %. -. : -. ": ::: - : i-

.... / - ..- .. \ - .%.

FORCING FUNCTION" l Ouraur

a. "Closed Loop" Response.

-- ~ FOC - rcn ucriam

b. "Synchronous" Pcsponsc.

Figure 23. Typical Parts of the Response. to a Simple Slnusoid.

comparable with those achieved by others, arc illustrated in Fig. 23. The interestinfs feature is that the resFonsC
seems to occur in three main parts:

(!) The very first part of the response (not shown in the figure) contains a reaction
time delay. This is followed shortly by

(2) A "non-synchronous" response, Fig. 23a, which reveals the presence of a
phase lag. This lag is too small to be due to a reaction-time delay. (A factor
of e" in the transfer function would give a phase lag of 90°.at a frequency of
I cps if r is taken to be 0.25 sec.)

(3) Shortly thereafter the response changes to a "synchronous" following of the
c e, wave With i e ai;oG , au-l- .. lJ iy s1ht aui-,uatio,. Th.,i juodc ;Uts be uain-

rqined fairly easily at frequencies of 2.5 to 3 cps. (ht should be noted that similar
synchronous modes also exist for other forcing functions, such as a square wave.)

After a period in the synchronous mode, the operator tends to drift out of synchronism. When this
occurs, he gets back into the synchronous mode by going through the first two respouse phases noted above, though
usually more rapidly than the first time.

Mayne's ?roposed explanation of the synchronous and nonsynchronous characteristics is summarized as
follows: The ' non-synchronous" portion of the reaponse displaying the phase Ia. occurs when the operator
is effecting continual closed loop control with the eyes included in the loop. The eyes are exercising con-
tinuous control, and no time is required for computation and setting of responses in the cetebellum. (This is

WADC TR 56-524 52



A
analogous to Mayne's view of the closed loop pioprioceptive responses for the step function case.) Since the
computation time is a large part of the reaction-time delay, it might be possible to have this con tinuous con.
trol without the additional phase lag dne to the whole reaction-time delay. To accomplish thi final or "syn-
chronous" mode of response, the operator must have added some sort of prediction to govern his response to
eliminate the phase lag entirely. Once started, the synchronous response can be continued, for short periods.
witbout the use of the eyes. Evidently the operator can "set in" to his effectors a certain range of functions
which determine his response. The control of this response may or may not be made closcd loop using the
proprioceptive sense, but .n any event requires that che "set in" function take into account the neuromuscular
laps.

Our view of the underlying phenomena differs, to some extent, from Mayne's. W feel that, in terms of
block diagrams, the three forms of response can probably be adequately represented by the three parta of
Figure 24. During the very first part of the response, the narrow slit thiough which the operator views input
and o atpu effectively maken the display a compensnaory one, Fig. 24a. This is parti-nl ,rly true at the initial

- - HUMAN OPERATOR

VISUAL FEEfBACK

a. Compensatory Situation Representing tho Initial Phase
of Response to a Sinusoidal Input.

i(r c(e)

HUMAN OPERATOR J
VISUAL FEEDBACK

b. Puisuit Situation Representing the Non-synchronous Phase
of Response to a Sinusoidal Input.

1} "YNCHRONOUS" SSEUR M .U A C W)
GENERATOR SS~

c. Open Outer Loop Representing the Synchronous Phase
of Response to a Sinusoidal Input.

Figure 24. Block Diagrams Representing Phases in the Operator's Response to Sinusoidal Inputs,

instants before the operator has &carted his response. Shortly after the start of the operator's response, the oper-

ognizes the rp-dic nature of the forcing function and the pursuit aspects of the display take over. H!ere
the operator generates a suitable transfer function in Y, to overcome visual reaction time, Fig. 24b. Finally,

'The effective reduction of visual reaction time in simple pursuit situations with no controlled elements is discussed in
detail in Section XI.
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the operator is able to detect and take advantage of all of the internal coherence and predictability of his
input signal (the crror). The action of the central nervous system thea rcscmblcs a programmer or synchronous
generator which generates command signals to the neuromuscular system based upon a complete "knowledge"
of the forcing function and the operator's lags. This last response fis essentially open -loop (in the outer loop,
at least) with no visual feedback. As the synchronous motion drifts off or the input frequency is changed, the
operator retraces his steps through at least the non-synchronous mode, and "corrects" the "programmer" to
get back into the synchronous mode.

If the closed loop operation of a human beisig were linear for all inputs, it would be possible to express
his response to a sine wave by using his transfer function in response to a step forcing function. The experimental
results cited above make it clear that the overall operation cannot be considered linear. For example, cor-elatir"
between the synchronous portion and the respvnse to R step is impossihle because the absence of phase in the
former would imply an instantaneous response to a step input. On the other hand, the fact that the operator outputs
for i;ae wave forcing functions are also fair sine waves indicates directly that a separate linear transfer function
can be defined for each of the paiticular sine wave cases.

Mayne suggests that the dynamic portion of the response to a step function can be correlated with the
non-synchronDus response to a sine wave. In this connection, it is worth noting that the 40' phase lag observed in
the latter response is approximately equal to the phase lag which would be clused by the transfer function Y,(s) of
Eq. (IV-3) at the frequency of I cpa.

In the synchronous mode the operator is able to keep forcing function-output phase shift to nearly zero
over a wide frequency range, but is not able to maintain unity amplitude ratio at the higher frequencies. Both the
input und tte otitput me appzusiwiatcly 5iulusoidal, so a tE,14set function could theoretically be defined for this
synchronous mode. To match qualitatively the frequcijy response characteristics mentioned above, using transfer
functions made up of rational polynomials, the simplest possible form of such a transfer functio, would be that of
Eq. (IV-4). 1

YP(H)S 50C ns 11S- (T, l)(- Ts 1i ) (IV-4)

This exhihits an ampl.tude ratio decrease with frequency but no phase shift. It will be noted that this transfer
function is that of an onstable system, giving rise to a divergence, so even though it might be suitable for describ-
ing the response, the g,-netal form is misleadmitg. Therefore probably the simplest way to repreent the synchronous
mode is with L describing fnntio, which iq rpal Nit freq,,eney dependent, as in Eq. (IV-).

K~rj)(OV5)YP(/f))SY'NCHRONOUS = ()(V5

Something akin to the synchronous mode appears in other situations where the operator has thoroughly
"learned" his inputs and, by eiperience, seems to provide exactly the required output. Examples of this "total
prediction" are a helmsman's ability in "meeting" a turning ship and some pilots' ability to cope with the well
known "JC maneuver", by applying a single, properly timed, conditioned output response. Other skilled ectivities,
like catching a ball and tagging a base runner in one continuous motion, counter-punching, .eeing a tennis ball,
etc., are similar examples. All of these may be considered as practical examples of the precognitive situation dis-
cussed in Section L

Apparently a characteristic of total prediction is the pre-setting in the neural centers of an entire
response, and the axtbstitutinn nf monitory for continuous control by the external senses. In the prneas of ntting
up these learned responses, the operator presumably goes through the following stages:

(1) When the input is first encountered, control is through the external senses, with reaction time delay, etc.

(2) At some later period, the "system" possibly becomes either a pursuit sir,-tinn, or retains a compensa-

tory form under closed loop control of the proprioceptive or visual senses but without reaction rime delay.

(3) Finally, the entire response is completely learned, becoming "synchronous" or skilled. In some instances

observed cxperimenta.!y an ap-irrt synchronous mode could concci';ab!y be t samc type of control as (2),
with the addition of a lead to offset the neuromuscular lag. A tr.ue synchronous mode, which can exist without
the external senses operating in the loop, cannot be described in this fashion. [By definition!]
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Section V

LINEARIZED OPERATOR RESPONSE TO RANDOM APPEARING VISUAL FORCING FUNCTIONS
IN COMPENSATORY TASKS WITH NO CONTROLLED ELEMENT DYNAMICS

A. INTRODUCTION

Responses of operators in manual control systems with random appearing inputs exhibit a type of
behavior which we shall call "equalization", since its action is directly analogous to that of the equalizing ele-
ments insetted into s'mvu systems to improve th:! mn'ral! pt-rformance of the aysteni. By its nature. equalization
a -ppeanrs to he a continuous operation performed on data continuously observed by the externpI sensesq. This prope'rly
distinguishes it from the "total prediction" which is nbserved in the synchronous part of die resivonser to a sine
wave, and also from the possible cam like action (or the equivslent closed-loop proprioceptive responses withot
external control) observed in both the initial stages of response to sane walie inputs and the dyiinaic part of the
response to step inputs.

The op~erator must obviously adapt his equalizing behavior in s'3me way to enable him to handle cow,
tiolked elemnent.; having widecly ii-ersc dyranmic characteristics. Perhaps the best way to classify his equaliing
behlavit-r is Uon the basis of (lie contiolled reements whi h "forc:e" The operator's chatactctisticn to ~a~ nsome
particular form consistent with reasonable overall systema performance. Therefore the discussion of operator dynamic

cii~i~tie~,C5in comipensatory' tasks has~ bren divided into two majoi partm, the first will treat past experimnrtal
data on compensatory systems with no controlled element dynamics, , -- 1, and the second will cons ider sys.
rem with vnrinnm cnntrnlled vIrmnien dynamic charactcairs. Thini 'eron is concerned %ith coml-ensaitory scyarem!
of the first type. whli !-o- -ithe scound cdtCVp~iy are considered In SCi:on Vt.

The huinan operator as a component of a manual control system must be considered to lie a nonlinear
aind/or timec varyir'. element. This statement implies that two different quantiti(:s will generally be required to
specify a human operarnr on a nita-i-linear bas;is. 'Thr first .Iusinity will lie a describing funcfion which relat: ihe
operator's output to the applied system input on a linear basis, The second quantity will be an operator output
(or remnant), which is not linearly coherent with the forcing function to the system. These two quantities will bedisciussed separately; transfer ehnrniireriqtr' ini the firstt part fti ecin n a~~n chrateitc in the

second.

In all cases considered here the general system situation was the cotapenbatory type shown in Fig. 2b,

probably the most fruitful one we can use if results are desired which will be applicable over a wide range of track-
ing situations. Since, characteristically, the forcingp fonrtions to most manual systems in operational use are low
in frequency and at least partially stochastic, low frequency Gaussian noise is aristural idealization of actual
forcing functions. Low frequency Gaussian noise is also capable of being easily 'shaped" in various ways without
changing its Gaussian nature. This enables one to study the influence of forcing function charaicteristics upon
operator behavior when all the other system parameters are fixed, For these reasons most of the experimental work
on operator transfer characteristics which has been deae since the advent of suitable nutowiatic computing devices
utilizes Gaussian forcing functions. In some of the earlier work the desirability of using random appearing forcing
functions was recognized, so appropriate sums of non-harmonically related sine waves were used to simulate ran-
domness while stiii allowing the experinwenter to reduce his data simply.

Tlhe experimrental data considered in this section have been taken directly from the efforts of three
int'esti~acors and their colleagues, specifically j. 1. Flkind [22..231, L. Russell [701, and E. S. Krendel r49, 50, 51, 531.
Using these errimenrail data as fundamental sources, the authors and their associates have replotted and derived
"benst fit" describaing functions of the operator (and fits for other data) for all eases except the describing functions
of Flkind, which were initially presented in suitable fari, The describing function fits provide a convenient struc-
turing of the data from which we can determine the influence of the forcing function 'and the controlled element, for
that matter) upon the transfer characteristics.

In the discussion that follows, the presentation of past experimental tesults on the operator in simple
compensatory tracking tasks is divided into the two reviously mentivned major categories, i.e., transfer character-
isries and ren-nant characteristics. The first major subdivision is further broken down into three psr;-s, corresponding
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to results obtained on Elkind's, Russell's and the Franklin Institute's "simple trackers". The correlation of Elkind's
results with simple servo analysis criteria is also included. A consideirble portion of the subsection on. Elicind's
work with transfer characteristics, which includes the effects of variationis in-forcing function. bnwdb id,
and spectral shape upon the clesc'ibing function, is taken diroctly from Reference 23.-

The second major subdivision of the section is a detailed discussion of the scond Part of the operator's
description -the remnant. In physical terms. the word remnant as used here will normally be considered to mean
that part of the operator's output power spectrum which is not linearly coherent with the system forcing function.
For much of the historical past of tracking research this quantity has been largely ignored or passed off as a mildly
troublesome detL-rrent to a linear description of the operator. B~y analogy with linear systems, the transfer charac-
teristics have been granted the major emphasis. This situation cannot continue if the full realization of quasi~lincar
techniques is to he applied to complex manual control sysrems - fnr much evidence points to the fact that thc more
det,i~dineg the task, the more important the remnant, Indeed, in some systems discnssed here and in the next Eection
tho remnant term is the significant ooe in terms of operator output power. Considerable attention has tlterefote been
devoted to the exploration of possible sources of the trnanr which are still consistent with the assumption:$ of
quaslinearization. Two of the possible applicable "explanations" are applied tw rlkind's data in the second
division of this section. The meager data on the rem~nant from the Russell and Franklin simple trackers is also
presented.

In tie final subsection we have attempted to summarize the Riniilnrities and differences obtained in the
three simple tracker experimentr;.

0. HUMAN OPERATOR TRANSFER CHARACTERISTICS IN COMPENSATORY
5 .STEM5 WITH NO C014TROLLED ELEMENT DYNAMICS

1. lIkind's Compensatory Experiments

Flkin'' experiments involved a very thorough study of the effects of forcing function characturis-tics3
uponl the c .o of lte -Aill!t~e ;-eassiL'le compensitnry ny-micr emzploying a human operator. a di'iplaIV, and a
lightweight, essertially frictionless control without sprinp, restraints. The tracking apparatus is illustrated in
Fig. 25, and consisted primuatily of a "pip-trspper", two oscillosLores, and nssociate-, et-ctnunics. 1 he .Usplay
was the vertically mounted scope with a statiunary "target" at the center of the ccen ar'! a "followrr" (a small
.Iarcle VI& inch in diameter, generated electronicall1y) which moved about the screen as a direct function of the itor.
The subject tried to keep the followa-r circle around the target dot by moving the control (a small pencil-like stylus)
-ni the screen nif the lowr oscrilloscope. The error voltages which drove the "follower" "'cre gen-rited by !tldo
the difference between the input vuhtage anti ther X , f~ v :h 1tr rho 1-,rntnma niinn anti
the V coordiniate of the follower pnsitinn azlone for the vertical motion. Trhis war (lone since the stylus was free to
move in both X and Y directionis so that the operator could move his hand in a free and natural motion without
external restraint. Hlowever, the vertical display Y-axis sensitivity was one-quarter that of rthe horizontal dinplay.
The operator could therefore move in a natural arc without producing signif iant vertical movement of the fol lowet.
*1 he display w.; then essentially one-dimensional, and the measuremtents were all taken on this basis, i.e., only
borizon-al movements of the follower were used. The gain between the X-axis of the pip-trapper horizontal display
w"as equal to that of the horizontal follower motion on the vertical display.

In operation, the subject was seated directly in front of the upper screen and alluwed to adjust hab
viewing distance to whatever value hie thougait beat (Z) to 3t3 inches). The lower oscilloscope was mounted to h
right of the operator in a location so that the tracking motions were very _.-,.ilar to those used in writing. An arm
rest which suppoited the entire forearm was orovided. at,d the subject was allowed' to use finjber, wrist or forearm
movements as be desired. This illowed him to adjust to diffrer-. aiuvenien ut miiu dLy .injg thie m~uscle group
most suitable for thant amplitude.

In all of the Mlind experiments discussed in this section the forcing functions were made up of signals
Pene;,ared b) summing a large number (40 to 144) of sinuscids of different frequencies and arbitrary phases, with
comrponents spaced equally in frequency. Such a signal of different frequency, random phase sinusoids apprcac..cs
.A Gaussian process as the num-ber of sinusoidal components becomes infinite, and -illows one to achieve a very
-,hair, essentially rectangular spectrum cutoff if desired. Other spectral shapes can be obtained by appropriate
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filtering. The actual spectral forms used in the various
portions of the study are shown i Fig. 26.

Elkind performed four basic experiments on
both compensatory and pursuit systems. In this section
we are concerned primarily with the compensatory results --- ----
of his Experiments 11, 1 1 , and IV, -which consisted of test
conditions Mifned as follows:

Experiment 11 -Amplitu~de: The forcing functions were
three signals identical in all respects except f(cps
amplitude. Their spectra were rectangu~ai with
cutoff frequency of 0.64 cps (4.02 rad/.-ec). The

6 -4b/oct

12 db/ act

I IS db/o"#

bi.
0.24 2.88

LOG f(cps)

ZVII

Figure 25. Elkisid's Tracking Apparatus;. Figure 26. Types of Power Density Spectra

(Fig, 3-3. Ref. 23) Used in tin. Elkind Comrpcrnatry R~ridy,.
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amplitudes were 1, 0.32 and 0.10 tins inches. Runs were classified as Al, A2, and A3,Coffes'P~nding
to the amplitudes in descending order.

Experiment IIl -Bandwidth: The input signals had rectangular specrritof 1 inch tins amplitude and variousI ~ ~~~~~~~cutoff frequencies, f~.Runs were classified as follows:- --- - - -- -~

RIJ 1 (cps) &j... (rad/sec)-

R .16 0.16 1.00

It .24 0.24 1.51

Y, .40 0.410 2.51

R .64 0.64 4.02

R .96 0.96 6,n3

It 1.6 1.60 10.05

R 2.4 2.40 15.07

An additional frequencb oif 4.0 ups was available, but was so difficult to track that the subjects were
a unwillinst to trv.

Experiment IV-~h. For this experiment the sipnai- used were RC filtered and ti~ b-ind tzpectra,
-I I having I inch tins amplitude. Run class it cat son andr input spectra shape are indicated in I-ig. 2/.

One group of three subjects was used in all of the compensatory expcriments. They were all members
(if the staff of MIT and were well acquainted with the objectives of the experiment and the characteristics of the
input signals. Before data were recorded, the subjects went through a training period of about thirty 4-minute
tracking runs over a period of about ulie week. All of the subjects achieved high proficiency during the traininp
period.

In tliv aICLul &1 0 rUfv tlc bubjects were inistructed to keep the center of the follower as close to the
target is; possible at ail times. The inplui signals were recorded on magnetic tape for all inputs in the entire exper.
insernal sequence, Experiments I thr,;u,;. IV. ad in rverge order (IV tbrouph I). The. Rubiects tracked each act
twice, first in forward order and then in reverse order. Each tracking run was five minutes in duration, with rest
periods of about one minute inserted between runs. The first minute of the five mninute run was practice for the
subject to adjust to the signal, and the last four minutes constituted the scoring run.

E Elkind's experimental results [ 231 were presented in the forms of

(1) Linear phuse and amplitude ratio plots of the closed-loop describing function 11(f).
(21 [Bode plots of the open-loop describing function q)

(3) Linear plotb of lineat correlation squared, i.e., p2  1 .,4r

(4) B-ode plots nf error spectrum relative to meian-square input, 4/fidf .
(5) Dode plots oi the spectrum of the uncorrelated output re~lative to mjean-square input, l 5 /'()df

(6) Trhe relative invaa-square trackin; =::e, ~'dflfJ-4,,dl.
In mont of this subsection the itcm of miajor concern is the open-loop describing function YAJ), though some of the
other items will be mentioned from time to time. Our chief concern will be with the analytic foim uf curves fitted

ir, Vi,0~~ data. The experimental data gathered by Elkind is so significant, however, that a general review of the
results applicablC to tralflIVLc cllafatiStiLb s ii, order.
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Part I: RC Filtered Spectra RUN H IGH PTRIN.!I

INPUT.SPECTRA_-- 

.flltrzitages each with-break - " - - =-
frequency: 0.24 cps (1.51 rps) .......

Maximum frequoecy: 2.88 cps (1.81 rps) , 1%--2 doci 12

Rectangular Spectrum ic,: 0.24 cps V= ,

rms amplitude: 1 inch

F 311- db/eK 1 18

4B.

0.24 2.88
LOG I (cps)

F4 -a

0.24 - - --

Part 11: Selccted Band SpectraRU: BB23

INPUT SPECIRA

RUN 84 85 B6
ZIBAND PANDIBAtJDIDANDI

e jj ~ ~ ~ , S~YINI IIii III IVO qbli~lTod

0.48 0.96 1.44 1.92 LJ- .
I (cps) RUN: B7 B8 B9 BIO

runs amplitude: I inch s~T~

Figure 27. Forcing Function Conditions lot Elkind's Egperiment IV -Shape.

(Adapted from Table 3.IV, Ref. 23)

a. General Experimental Results on Open Loop Describing Functions

(1) Experiment II - Amplitude: In this experiment the open-loop transfer functions were not determined, but

the results in terms of closed loop describing functions are shown in Fig. 28. Analysis of variance of
the real and imaginary parts of H(f) were performed at three representative frequenc;es to determine
whether differences among characteristics were statistically significant. These resulv; indicared that
the closed loop human operator characteristics were essentially invariant over the entire range of ampli-
.udes studied in this experiment, that is, from 0.1 inch to 1.0 inch rms. This means that the neuro-
muscular system is capable of being adjusted to a wide range of movement amplitudes, sir.ce the

WADC TR 56.524 59



A1
operators used finger, wtist and foreana movements in making the iesponses to the various inputs.
Small, precite movemenu required for input A3 weze made with the fingers, and la&e, gross ny%!bents
required for input Al were made with-wrist and forearm,

0-Al 10.01 rms)

4- A2 (0.329 rmt)

FREQUENCV koJl,

0.t

--- L.• -- _

i ~~1

Figure 28. Effect of Amplitude: Mean I mCloscd-Loop Ttanfet Chiarpcteri -tics. . o., -- 0.4 0 ., , .
(Pig. 4"3 a, h; Ra~f. 23) rntOUEIKV ItW,

These results also give us our first chance to observe the possibility of operator nonlinear trans.
far characteristics. If these were markedly nonlinear we would expect a large difference in the open
loop describing functions for the three forcing function mew, amplitudes, and somewhat less difference
between the three closed loop describing functions. Unfortunately, the open loop data were not presented
in Reference 23, so our assessment must be based upon the data shown in Fig. 28. While slight differ-
ences are apparent in these data, e.g., magnitude Il(0,1 n>H(. 3 210 >H(A)l 0 , the differences are quite
small and somewhat inconsistent. To the extent that these slight difter.-nces actually exist, one could
aurmjse that the open-loop gain (and possibly some low frequency lag) was a mildly increasing function
of tms forcing function amplitude. The most general observation, however, would be that there is little
evident nonlinear transfer behavior for the forcing function situations noted,
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(2) Experiment III - Oandwidth: The variation with forcing function bandwidth of the anipUtude rtios and
phases of .(), the open loop describing function, are shown In Fig. 29. It will.be not d that-zhe-magpl--
tudc and phase lag of Y,(f) show a gvncral decrease with increasing forcing functibihbandwidth.,-In

-o- R.16

--- R.24 4o 0

R.40

R.64
,1

--- R.96

0.1 005 05

I I lb.

Figure 29. Experiment iIl- Open Loop

-,n, n n- . L, f' j,.L--- Transfer Characteristics.
r ,e [ * ,,, (Figs. 4.1 J a, b and 4.12 a, b, Ref. 23)

terms of the analytical models fitted to these data, we will later see that this general behavior appears

to obey quite reasonable "laws".

Another item of importance determined by Elkind in this eperiment was the mean square error

reiative 1, L i, wean square inpu. ThhC. S c ,',.' -,:s plotteJ ,. rig. 30. The rc.-. !: cautioncd that

the plot is intended merely as a graphical tabulation and that no particular trend or curve fit is proposed,
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(3) Experiment IV- Shape: The effects of forcing function spectral shap& upon tba Open loop transfer char-
acteristics ate shown in Figures 31 and 32, The results with RC iltered spectra are shown in Fig. 31,
and those for the selected band spectra in Fig. 32.

The open loop chftracteriqtics for RC filtered forcing functions are similar in man resectsto
those for rectanguan spectra, especially the one with an 18 db/oct high frequeonq attenuation. This
becomes particularly apparent when the data for input R.24 Ji _xeicpomsd .upo# tb pjt-Perhp the 0-
moat important characteristic to note is the increase in amplitude ratio and phase angle as the forcing.
function becomes simpler to track, i.e., as the higher forcing function frequencies are more heavily ........
attenuated. Along this same line, thp operator adjusts his phase margin downward as the high frequeatcy
contear of ihe big iaid cdi4Ace., F , the RC forcing function with the greatest amount of power at high
frequencies (F1), the phase margin is about 70 degrees, while for F3 it is only 35 degrees. The sra"ilcr
phase margins permit the operator to have higher dc gain and hence better low frequency tracking per-
formance.

a,

-o- FI

_I -6- F3

b. -,

00 0.I

Figure 31. Open Loop Transfer
Characteristics for RC Filtered Spectra.

(Fig. 4-16 a, b. Ref. 23) PR,,ufI e
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Functions.
mot[ ("as I. ... (Figs. 4.23 a, b, 4-24a, b,

orsamc. I.Pal arid 4-25 a, b, Ref. 23)
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The open loop describing functions for the selected band spectra -ate fairly-sPlmilar tothff'ob-.B4

tained for the rectangular and RC filtered cases, particularly in the way in which -the-phase margiis

obtained with B4, B5 and -16 decrease as powera atbi~h fqe~~a aeiTea~f~ri~ad
pass signals (133,138,139, and 1310) were tra-ce~o AAte Ii if.h6oetjquCy
cootnent of the forcing function _correspoad t the origiu on0 the new frequesiyscale. =Td~-ie-

extent. these translated transfer-functions-are similar to toeassocited -ortht&JnA lwps
inputs. in other words,.-the hUwhn iper6(o-Faipiii to Veli ti shiff liiirsslircesie up-P
the frequency scale, like a single-sideband modulator, when he is confronted with a bsrsdpass input. -

However, when he makes these transitions, his gain is reduced and phase Jag increased.

b. Analytical Approximations to the Open Loop Describing Function Date

The measured open-loop trAnsfe: characteristics of Figures 29. 31. and 3.1present the actual liaearized
describing function model of the human operator for the conditions of the experiments and within the bandwidth of
the forcing function. These results itre analogous to those obtained when one runs a conventional harmonic response
test on a "black box" of unknown characteristics. At this point we would like to -obtain analytical models which
approximate the data, preferably in a form involving a small number of parameters. Thrn, '.41, the experimental

results approximated by these isolated parameters, and knowing the characteristics of the forcing function, we
should be able to summarize conveniently the relationships between the presumed operator parameters and the ffoic-
ing function characteristics. In this way we can obtain soine "laws" of operation of the approximaatc arkalyticql
models. Then, to thc extent that cli analytical model approximatab ilia operator, we have much greater insight into
the 'laws" whicti acruaiiy govcrit ibe overall behavior of the operator.

In considering the possible types of models which might he tmed, we sho~uld first note that model, hauving
nonlnnr transfer cha'ateristics -A beini; Lha Rcterizcd by the sunic dcscribing functions art- n.11 Varli a-

larly desirable possibilitien. After sill, the effort involved it. takine rte data for the aua-qi-linesr desrrihing f,,wrtinn

shiould not go for naught. Nonlinear models are therefore placed in the category of last resort.

Considering linear models, we can readily say that the most desirable types are'ransfer functions made
uO) (if ratios of ratiwial puivamunials, with the addition of a pure rime delay term also being allowed. Such trinsfer
function forms are desirable because they tire simple, well understood, and completely adequate for approximating
any of a large number of 'frcquency responses". Bly allowing the transfer function parameters to change as a function
of the input parametern, we can cover the entire vinge of measured data for a given set of input condition.

Having decided to use a conventional transfer function form, the next point to be considered must be time

degree of approximnation to he used in fittitiS che analytical model to the data. Since the experimental infors..6oz,
covers only a restricted frequency ranee. it is ;;o'mn:ible to fit analytical transfer functions to the. claeto nv m,h

trarily defined degree of accuracy. An extremely accurate fitting procedure appears hardly warranted itt dais instanic
because of the data reductioa errors and the variation between subjects whose data make up the averages. A con-

ceptual point is also involved in that we would like to have a fairly simple analytical model with a small number of
parameters so that they can be readily related to parameters defining the input characteristics. From these consid-
erations we can conclude that the appropriate model to use in fitting q set of data is the simplest transfer function
form which is reasonably consistent with the trends of all the data for a given type of forcing function.

As SenerAl cliteria for the typea - :- - - -we can list the following as consistent
with all known human operator data in compensatory tasks of various kinds.

(1) The operator's describing function should go to zero at infinitc frequency, i.e., his transfer charac-
teristics are fundamentally those of a low pass filter.

(2) The describing function should be finite at zero frequency because of physical limitations.

(3) A pure time delay, d-0, should be included to account for the reaction time delay.*

Several writers prefer to reserve the term 'reaction time delay" for discrete tasks and adopt such nomenclature as "anslysiq
time", etc., for continuous tasks. We prefer to use 'reaction time delay" as a term synonymous with an apparent pure time
delay. In the sense used here, reaction time will vary -rhb the "Ji'mcreteaess" of the task.
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(4) When the experimental closed .
loop system is stable, the approximate W - -410.-

fitted tranufeg hinctiva film ahou~d also ____

yield a stable closed loop system. a. 40_
The simplest tansfer noraction f... I

that satisfies these requiremeits for much

of Elkind's compensatry open loop trans-fer c:haracteristic data is

YA -rJ) (V-)

where K is the dc gain, r a put& time de-

lay (analogous to the reaction time delay
in tracking discrete inputs), and i is ai
time constant representing a low frequency
lag in the operator's characteristics. The .tt z - -
process of using Eq. (V-i) to fit the experi-
mentally determined characteristics is illus- Wk 005 010 0 1

trated in Fig. 33. A good fit to the data must
bc achieved simultaneously in magnotud.1
end phase, so it is usually necessary to
shuttle back and forth between thce:s two

quantities and adjust the parameters of Y
to obtain a compromise giving the best fit.
Since the pure time delay e'J' does not
affect the amplitude characteristics, the psAM
amplitude ratio curves arc fitted by ....

K!

Approximate values for K and To can be
determined from these data using template -
or other means, with the chief criterion ._
being the visual appearance of a good fit. . _' _

The phase associated with the terra
(Tojw+ 1)"1 can then be subtracted from the L.0" . CI - -,

measured phase to give that hypothetically
due to C~~.On a linear plot of phase ver- ~ z 1
sus frequency, the phase lai due to reaction j
time should be approximately linear, and the ,
slope (expressed in rad/rad/sec) will be the
value u, -r,! Therefore, when the residual S *- - -.. . -- 4-- --
phase is not approximately 'neat, it is nec- ma n
essary to select other values of To (and I
hene K), and repeat the process until sat- a
isfactory results are attained. The pararne- b i.
ters defining Mi'nd's approximate fits using -

FRrgULtv CY (cs

Figure 33. Example of Data Fitting with Simple Transfer Function.
(Fig. 5-1a, b,c, Ref. 23)
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this simple transfer function fnrm are given in Table .* It should be noted here that Elkind used the parameterto
(equal to l';.7 ) in his work, so it is also noted in the table.

Table 1. Summary of Parameicts of Y (id) and YO(N ),
i , / 1/'Ta K r L'T1

INPUT T, to In, K T,

see cps rad/sec db sec rad/sec

H .16 0.64 0.035 0.22 34.5 0.110 1.885
R .24 0.264 0.050 0.314 31.5 0.104 6.22
R .40 0.214 0.125 0.785 22.5 0.133 12,3
R .64 0.183 0.275 1.73 15.0 0.150 30.3
R .96 0.139 0.58 3.65 6.5 0.139
R 1.6 0.122 0.6 3.77 -0.6 0.122 o
R2.4 0.116 0.3 1.885 -1.0 0.116

F 1 0.139 0.18 1.13 10.5 0.139
F 2 0.126 0.05 0.314 25.0 0.126 M
F 3 0.17S 0.03 0.1885 33.0 0.178 M

F 4 0.306 0.056 0.352 31.0 0.102 4.90

B 1 0.153 0.76 4.77 9.0 0.153
.1 7 ().10 1 0.8 5.01 1.5 0.107 -
B 3 0.278 2.0 1236 -1.0 0.278

,1 4 0.15u 2.0 12.56 -0.3 0.150 -

It 5 0.128 O.;0 !.295 11.1 0.128
B 6 0.149 0.16 1.005 17.7 0.149
H 7 0.156 0.14 .838 23.2 0.100 17.145
B 8 0.388 0.5 3.14 9.0 0.219 6.28
13 9 t 0.39 1 2.J 12.56 0.4 t 0.390 -
R 10 t 1. 14 ().A% I9 3 - I1.0 t 1. 14

Approximate values.

NOTE: Curreapcnding nomenclature be-tween Reference 23

Table I ......... L IT K

Ref. 23........... eM 2fr4 f 2n .. K

While the low frequency approximation of Eq. (V-I) fits the xtata quite well, an analytical closed loop
transfer function derived from this equation would indicate an unstable condition at frequencies well beyond the
measurement bandwidth for some of the lower cutoff forcing functions. There was no evidence of a closed loop
instability in any of the experimental data so we wo~id suppose that the operator introduces more attenuation at
high frequencies than would be indicated by the application of Eq. (V-1). While it is not possible to utilize the

-4-t ,, thi hiah fretrunev portion of an attroximate transfer function, it is possible to "stabilize"
the closed loop system by adding. a lag to Eq. (V- 1), i.e.,

Ke(T"Oj+ lA)(7 j+ 1) (V-3)

The bandpass chsracteristics [ 3. B 8. B 9, and B 10 were trasfsiqe( dnwn the frequency scale before fitting. In this tranala-
tion, the low frequency cutoff* of the forcing function spectra were set at zero.
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/If IT, is much jimater than any of the frequencies mean red, then.the low frequency~bpqy19t ofb:tho,.g
of Eq. (V.3) can be mado the same as that of (V.1) if T + r is approxiniately equal to rt. This.ls-deroAh.-facd
the terlu (7jitd + 1)-1, in the region a -< 1/T, will isittoduL;e a phase shil"hich is e rutially. litir* nd t,_a i...-
ation. The addition of a simple lag, Tiw + 1, is by no means a uniq.e way to definecthe pgssje, b -hi M
behaviors; any combina ion of lags and leadsleading to a stable syateiu w-uld bc- i-tbblE ifiliiiifi dihi
relationships,

T, ; 1> > w (V-41

where the T, are lags, the T are leads and wo is the forcing function cutoff frequency (or an approximation thereto)in tad/saec. The single lag represented by T is, however, the simplest form which can be added to Eq. (V-i) to assure
stability and consistency wikh the measured low frequency response.

Unfortunately it is not possible to find unique values of r and T, from the low frequency data. By exam-
ining the general trends of the higher input bandwidth data, we can conclude tiat the phase margin for the lower
input bandwL!:hs is of the order of zero degrecs. Therefore, it would bc fairly reasonable to adjust 1 and r to values
jusi consistent with neutral stability. This procedure can yield only approximate, maximum values of r and 1/T.
However, we would have a reasonable amount of confidence in the results if the values for r are near those va!,_esof r, found for the cases wl, re Eq, (V. 1) was both a good fit and led to a stale closed loop system. These values
of r and I1T, are shown in Table 1.

I;Ilki.d esmi,,,,eJ ote accK'trcy of the parameters ohtained on hin fit! as followr:

r - 0. 14 7 .077 -qaC

K within t 3 db (All low-pass forcing function signal-,
i.e., B 3, 138, B9 and 1310 not included.)

t0 within ± 0.2 /0

No consisten pattern of variation that can be related to the parameters of thr inpin mRnat were present in the values
of r. From the general trend of evidence cited in Section IV, i.e., r becoming smaller as the task becomes more
"continuous", and similar trends exhibited in classical reaction time experiments with tasks invnlving either high
motivation levels or short time spacing between stimuli 194, 2nd Edition], it is probably reasonable to identify the

-. "A-4-., -....... r-- .................... -..... . _ . u - Ia . -n Ml-y -. 71 i-. .- a L 4'',rrainr_-C."z= ;a
the interval 0 to 0.08 seconds in tasks of this naLure considering the previously cited reaction time components in
Section IV and the 0.02 second variability of r.

c. Relationships Between the Derived Models and Input Choractertstica

Having obtained analytical describing function models approximating the operator's transfer character.
istics, the next important noint is to attempt to relate the parameters of these analytical models to forcing function
parameters. In this regard, Elkind has found several interesting results tending to show the type of adaptation to
forcing function characteristics made by the approximate operator models.

The first relationship ol impovr.snee is the variation of the product Kf0 for all the runs. As =hown in
1'lg. 3, 4'~ iei-y . . t.,ay UuaMIm urci a widc range or iorcing function characteristics, !.e.,

K4 -- 1.5 (V-3)

It will be noted in Fig. 34 that the relationship of Eq. (V-5) is fairly good for most of the data points excepting those
foi-cing functions with the larger amounts of power at the high frequencies, such as F 1, F 2, R 1.6 and r Z.4. It wilt
also be noted that all of the high gain (K> 1), rectangular sReetra runs are approximated very closely by

KID 1.3 (R.16, R.24, R.40 and R.4) (V-6)
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________ -- This Wonte oint wilb:F_-f-t-1tktfArY -

3 Elikind was also able to develop-
severalt-ye int e re 'n - St-. lB -_,

th ae i hi i hio rectanu a aeis.

________ I___ shall beLz4ijwedbClo'I- W__ -7

1' The simplest ir.put specta to work
with are those having rectangular shapes.

S aSince Elkind's Experiment Ill showed that
input amplitude had small effect onthe
closed loop transfer characteristics of the

foperator, H, (at least for inputs between

ft , 0.1- 1.0 inch rms around a value of f,, of
ISO I .64 cps) it is reasonable to suppose that the

-major input characteristic of importance for
a, l rectangular spectra is the value of the cut-

ing function spectra shows that K varies

ppmimatly nverelywith the squarec f

Figure34. Gain, K, Versus Frequency af First lreak Point, /0. 4o, i ie.,

(Fig. 5-2, Rol. 23)ie.

The RC filtered and selected band spectra
are more complex than the tectangulair
spectra, and cannor be described in terms of
a cutoff frequency alone. In his search for
Sore fundamental measures of forcing func-

• I,,o tion signal characteristics, Elkind noted7 7 th.at 0h- t-o Frtnr. which rappeared to hanv
the most important influence on the gain

I ,,tj were the predictability of the forcing function
.___ _ and its location on the frequency rcale.

After trying a series of combinations with
the experimental results, he found that the

,,_ ._ \parameters (, the mean frequency of the
, s|,pecuua, and al, its standard deviation,

[__ _appeared t ' be appropriate parameters.
2 These are defined by

61- I 
dl -'______

-0 1 ",tff (v -a)

002 005 0-10 05 Q OW.

The q"=ntity I is a measure of location; af,

Figure 35. Vari"";. of Gain, W' with C11toff Freqlteney, fco, being related to the spectrum width, is a
for Rectangular Spectra Forcing Functions. measure of predictability. The produc. a/

(Fig. 5-3, Ref. 23) is directly proportional to f,' for rectangular
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spectra, and a good fit to the data of K -- o,
versus aft for rectangular spectra is MAO, ""I

(Fig. 30) 50 03 .-

.K(V9) "3 (9

Using E9 . (V-9) to compute a calculated .

gain, Kc, for all forcing functions resulted ,
in the data of Fig. 37. Here it will be '.,
noted that the agreement between measured ",
and computed values is good for forcing
funutions hqvving 1- ps(. rbar4acrprists, /
but is poor to: the bandpass spectra L
(dashed linen).

As the mcan frequency f(of the band-
pass forcing functions becomes gre.1rer, rhe
difference between K and K, increases. To

explain these differences Elkind developed -,L 1  . L
different weighting values for the various to I, .'

terms in Eq. (V-9) involving f by consider-
ing the bandpass data alone. The effect of Figure 36. Measured Gain. K, Versus l/(aji)
rwa isolated by rlotting the meastred fAr R-ermagular pectra.
valu - - of Kot against /, as shown in Fig. 38. (1:o. .4, N.f. 23)
TI,.- 17;f,'.-. 3, O,rr t. 'r- fitted Jy

K 3.8 (V-10)

This new expression was then used to compute gains for all 7
ints, called K,, which were compraredi with the measured values AllI

(Fig. 39). Thib curve provides the best fit to all of the data that I I I
Elkind was able to find. .[

I o! I.° I I-

I, .-. I/ ro

-t i I I I | , I | -lj

Figure 38. Measured Valuses of Ko1 Versus
Figure 37. Measured Gain, K, Versus 0.39/(ejlf) for all Inputs. Measured / for hlaudpass Spectra.

(Fig. 5-5, Ref. 23) (iVg. )-0, i ef. i,)
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All of the experimental fits obtained by "0- i---...
Elkind throw a considerable amount of light on
the adaptive bhtiviorof the analytical model. " -

It is comforting to note that such simple expres- - - " "
slona define dia6 6bserved cran sfer- behavior so
well. On the other hand, we connot-be-sure. that - . *-

other parameters may not be equally "significant" ,, .. . -

as, say, a' and I in the role of fundamental
parameters defining the forcing function charac- I Al

teristics. FMkind tried many variations, with the
beat ones being those shown above, btlt he by 0
no means claims to have been on the receiving
handset of a straight line to the Supreme Servo- .6. *7

Meichmist. Therefore, the experimentallyderived relationships reviewed above shonld be ,, . ._,___.__,

considered with due care and caution,

d. Attempts to Apply Conventional Servo Figure 39. Measured Gain, K, Versus the

Criteria to Elkind's Res)ts Parameter K, = 3.8/(ye J/O.31)

The experimental results obtained by (Fig. 5.7, Ref. 23)
llind are especially significant in that they

indicate the general sort of way in which thr- human operator adjusts his parameters 113 a funcgtion of forcing function
conditions when in a compensatry task with no controlled ekmcna J cnaml, .t. In particular the data express, w~thi
the limits of the experimental situation, the results of the operation of some optimalizing criterinn internal to the
humr.e. With these data extant, it is now of great interest to deermnine the correspondence, if any, between the
types of criteria used by servo system designers with those adopted by the operator in adjusting his paramcters.

Servo deripn criteria c.r.us in many diffcrcnt fcinn, but the type ,most easily applied to systems analogous to
that of the human operator tracking stochastic inputs is one involving the minimization of the root-mcan-square
er:or. TVnere is some reason to believe that the hunan operator may be relatively sensitive to such a criterion since
one would suspect that he

(1) attempts to minimize the error (his input) in compensatory tasksi

(2) doesn't care about the sign of the error, at least when he possesnes no knowledge of instruction
about positive errors being w r.- h .

(3) tends to give larger errors more weight than smaller ones.

On this basis the application of the rms error n,inimiza'tion criterion to human operator results might possibly he
reasonable. In this subsection, therefore, we shall outline the results of an tms minimization problem for a simple
servo having approximately the same characteristics as Elkind's analytical model. The actual experimental results
can then be compared with the analytical rms minimization model.

The analogous servo system will be as shown in Fig. 40. If the remnant, a., is not linearly coherent with the
input, i(t), then, by using the methods leading to Eq. (11-58), the error spectral density will be given by

As will be shown in the next subsection, a reasonable representation for the noise spectra will be (if referred to
the operator's input and if only the lower four rectangular input spect:a are considered) white noise with a magni-
rude m0 ,,(0). Also, for the rectangular spectra OU can be represented by a spectrum characterized by tb,,(O) extend-
ing to the cutoff frequency rc. . Then, since the mean square error in general is given by

5f- fL-eDndw f~wd (V- 12)
- _1P.- ,,(f)d/
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Figure 40. Analogous Servosystem to Elkind's Simple Tracker.

that for this particular case will be

-2 111(o 1b2 ~dw (PP
2 - j0 -jo i p- 4 (V-l)

The approximate open loop transfer function, Yp , for the lower four rectangular spectra is:

P -(jKo+ I)(TIC" + 1) (V-14)

In the frcqucncy range and for the quantities of interest this can be approxim.atd by

e, '  K( 1- r's))
YP IT'1- j(l+; {'V1-i-)

where r' - , /2. 1 YpI then becomes

Y
2

I1YI1 -'f 2  (V-16)

The closed loop transfer function 1'1 wi"l be

Y - _KU-1,W i

1+Y (T+o, )(+r'l')+ K(l -r'j6)

K + To+r'1-,-K) Tr'
K-- RKI + IIi0)_J

(V.17)
i+K I --_,Cjw ! -

l + 6 ) " )

K+i T +r'(1- K)where: W. j;'7 1. '~o'K+]

The magnitude squared of the two transfer functions of interest, It and H/Y, will then be:

1j,12 K K I1 (V- )
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Using Equations (V-18) and (V-19) with (V-13) yields the following for the meansquawe error: : -- +_L.=+++ : +-I

II
- 1

+.(o) f~Ko40. (o +KO.()( +2 - o . . - -- +- Z2 (V 2 1)

I" I - (K)2 + 2(K + (v-

The first term, involving the integral ,%, is the mean square error in following the input; the second term with
the integral Z, is the mean square error due to the noise. The next step in the procedure is the evaluation of the
two integrals, '(VIc) and Z. The integral is f the formI = .2  ( a + K ) g.((,,)VJ ' - 2  2 +2)

IC Fa(1.) UO " IC)" " '

g,((,,n) bcvor'n-
2 + blto 2 ' - 1 .. fn. !

IntegMs oft t ype shown in Eq, (V-?2) have been evaluated and are shown on page 369 of Refesence 44. In this
case, n 2 and

%2 -- a (V-23)

Sill-fco_____ I £

S.. "Awl' -J ,---+ I and , ,n,, -

I 
2f 7Jf~~Z 2  

f
4-J

-- 2ac b-j4) -. . . . . .- "

+1tr~so thesn ty r thtow n no to(V2 thae bntealuatedo) and aeshn; = on.. pae 36 ofa+ Heeee4.Inti

2~ C

- 2a a )1  (V-2)

o = ,.F b, = a

I 24 (:m:

then

2 Cn (V-24)

'i urning our atteiition now to the integral anid lettingl a = ol'a,, ac 4.O=

ai)2 ~ 2 4 ) 2 da(V- 25)
I a+(2n) a

This integral can be broken into partial fractions to obtain standard forms. After al -ebraic maniplation,

Z1a+ =~ : [I *l +IW) a+2Cd (V-26)
41411 -iea-(d 2  .4 ~d I- 2;4:a-a2  

I2j4:a+a2jd
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These integrals are both standard forms found in the integral tebles (e.g., Pierce [68) 72]). After more 8rindling,
the answer becomes:

W O ,, 4 -[+qOaJ 1l --; 11 .. . . .. T- ...... Vi-..........

The total expression for the ims error, made up of Eqastions (V-21), (V-24), and tV-27) is a fairly complex result,.
To simplify the expression, we car restrict the results to be applicable only to inputs R.16 through R.64.0 Then:

T 1 ; K -> 1 ; I.-5) «1 (R.16-R.64) (V-28)

so that
2. +I X 21 . ,(-K) T , K,"

_-v A' Ti- and - - K+- - K (V.29)

The m;,h simplified expression for the mean square error then becomes, within these restrictions

4%W. To, --  -I  (0-)
-2w KJ~ 4 ITl

or, letting A KIT

L -'-; + 'n4'LI-j W-31)

17 4 1e

At this point, the rms error can be differentataed with respect to A and the result sec equal to zero.
This operation will give us the zriterion to use in adjusting the analogous serVo sySt-m Sa Mat i will be minimized.

-i 40,,(oh".3  ®=,0)

__ - - ' (I-r'.\) (V-32)

If a new parameter, P3, is defined as p - (oi() , Eq. (V-32) becomes

, '2, - . --r' - 0 (V-;,)

From the experimental data for the remnant term considered as noise at the input (see the next sub-
section), the approximate vaiue of t04%0) for R. 16 through R.64 is,

,,,,Doft) - Pit ,, -V.34)

Also, for rectangular input spectra

I

The parameter 18 then becomes

This point is the first place where it was accu Ly necessary to restri-i the ezptesvions to thest cases for analytical sim-

plicity, although we had alteady taken advantage of the imFending simplificsAtion in considering the noise essentially white.
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. ..... -

The actual roots for A from Eq. (V-33) are therefore functions of (o,' and r'. hovostigatingthese rootas
for the values of raze and ?'corresponding to the first four rectangular saectia forcing functionl's reVeait._i--
approximate root is given by the last term of Eq. (V-33) divided by the-next to-lasr,e.,

213r' 2r r ( -37)_

To the extent that r is constant, this result is independent of the bandwidth of the forcing function. From the
definition of A (see Eq. (V-31)1;

or, since To  1/(2nfO), and the average value of r, for the first four rectangular spectra inputs (.328 seconds)
1 1

Kit -- 2nr 2rr(.328) (V 38)

If the lkind data for R. 16 through R.64 are used to establish a trend, the result is

KfO -- 1.3 (V-39)

The correspondence between die general forms of Euations (V-38) and (V-39) is quite startling -to the point of
being misleading. The above results are based on simplifying assumptions in formulating the mean square error.
It should be noted particularl that the measUred l.ucrk Nqude errors do Ut fgree gtcWell ith thlUseI-O ulpUed Iy ube
of (V-31) for R.16 through R.64. The crux of the answers of Fq.(V-3B) and (V-39) involves three relatively ;imp!c
steps. These are:

(1) The assertion that A1 - 1/(2r) is an approximate root of V. - 3r'AZ+ 2pr'A-j8 0

(2) The value used for r in the expression K(0 - l/(2er)

(3) The experimental values for Kf0 .

When one realizes that Lite methods ofobtaining values of r for the first four rectangular spectra were relatively
crude, and that the accuracy of the data of the next section yilcding 0n,,, which is involved if -, i, subvct k
sme question, etc., the fairly close correspondence of Equations (V-38) and ,V-39i trias to lose sgnificance.
However, even a difference of a large factor in the two results would mill give one a c.neiderable amount of in-
sight into possible behavioral criteria and it is in this sense that the entire developmeta is considered interest-
ing. While it would be too much to say that the operator's criterion demands that he attempt to minimize the rms
error, it is probably possible to state that the actual criterion used by the operator gives results whi1-h nre similar
to this one.

To put a pedagogic interpretation on the foregoing development, it may be considered to be a theoreti-
cal structure for evaluating subsequent tracking data. In this regard, first Phillips and Sobczyk [441 and then
waiston and Warren [881 have applied mean square error techniques to the interpretation of tradkin data in terms
of transfer functions. In 1943, Phillips and Sobczyk made the assumption that Y, lers[(Ts + 1)/s] and then used
the rms minimization coneent and nrahilitv erir.ria rn dobrivp airll rm i rntion_ War..nn iand Warrpn P.nn Cd

an a priori linear plus noise model in which the describing functiou had the same form as used by Phillips and
Sobczyk. Then by comparing theoretical with measured mean square errors as well as taking stability restrictions
into account, they were able to determine fairly consistent .alues for the parameters of their model after an exten-
sive and careful series of experiments.

2. Russell's Simple Tracker
just as Elkind's exper'meats represent an impressive attempt to study the effects of forcing function

characteristics upon 2 simple control loop with a human operator, the work of L. Russell is an elegant effort to
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povide the experimental basis for determining the gross effects of coarrollcd clement variation on 6hc opecrator's.
linearized transfer characteristics. While Ruaiel 170] studied a wide variet of Notole elm-dta*c h

results presented in this subsection, in-krepng-witb ouienra-ln 1+ -. ihis obtkit 1-a--
with no controlled element dynamics save for the characteristics of the miechanical link ges throutgh dh -ackinfik
was effected. --

Rssell's experimental setup consisted of an osciffiosicope display where the deflection of a vertical
line from the center of the scope was proportional to a function, of the system error. 7-The iniptit -sign~al consisted of
the sum of four sine waves selected to avoid harmonic relationships. The mechanism used for gene.ating the input
could be rqn at three different speeds, with the requic of a speed change being a proportional increase or decrease
of the frequency of each sinusoidal component while leaving the amplitude unchanged. Table 2 and Fig. 41 show
the various components of the input, with the amplitudes of each sinusoidal component being given in MEM Uf
inches rms deflection on the oscilloscope at normal gains. These forcing function forms, while viot as general as
those used by Elirind, still resulted in a signal which wits random appearing to a high degree. The error signal

Table 2. Characteristics of Russell's Forcing Function.

INPUTl COMPONEN~T......... ....... F, F F3  17

ANPuiTXE (inches mis)........ 0.78 0.52 0.29 0.20

VRBOtIINCIZS

T.ow Speed, :p:.............. 0.0442 0.118 0.192 0.287
d/s e c .................... .277 .741 1.21 1.80

Medium Speed, cp 0.10S 0.268 0.457 0.679
rad/sec.................... .66 1.68 2.81 4.27

Higho Speed, cost........ 0.220 0.563 0.960 1.43
rao4/sec ................ 1.38 3.54 6.03 a.9?8

0.0a 3. 4. 4 7 1 910

V-

Figure 41, Russell's Power Spectra of Low, ?4elu, and High Speed forcing Functions
sod Approximate fhite Noise Thru First Order Filter 'Equiivalents".
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P Figure 42. Russell's 'I tcking Apparatus.
(Page 29. Ref. 70)

was generated by subtracting a function of the opeator's output displacenient from the forcing function~. Phy.:;kdlly,
the tracking control was like a cnrventional aircraft control "wheel"~, opetated in a fashion similat to that used in
contiiin~fg aiierons (rig. 44).

The apparatus was set up so that both the system error and the operator's displacement signal couid be
operated upon by selected transfer functions. This arrangement, shown in schematic form in Fig. 43, allowed
Russell to vary .he controlled element dynamics in various ways.

The controlled element transfer function, Y,, is the product of the transfer functiens of the pre and post
filters. so the difference between post and pre filter positions is not important in the closed loop stability sense
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long as the operator behaves in a reasonably linear fashion. However, in carms of pazdcular Sig nal characteri stics,
such as the rina error, it is important tQ rjpre the division of~corttrolled elemenp~dynamica 166o -tRi Wticr clewents..

- --in thm. simplo tracker ~itve neither of the fiters had d iijn xtreulti i
in the- form o. Nyqpiaz diagrams; these have betigarie i Boliade dari*fiIW~!rch~ia~ n
curve fitting-procedures a wiela o conistency 04h the itof, :hsrput.__ _

-Averaged data for four low speed (0.277- 1.8 rad/sec) simple tracker runs are-*shown in Fig. 44, taken
originally from Russell's Figures 15, 33, 35 stod 36, 4veraged inedium speed (0.66-4.27 rad/sec) data from nine runs
(originally Russell's Figures 11, 14,26, 29, 30, 32, 34,41 and 42) arc shown in Fig, 45. Finally, a single high speedi
( 1.38 - 8.981 rad/sec) run is given in Figure 46 from Russell's Fig. 20. All of these rns were between five and seven
minutes in duration,

It will be noted on 6-. figures that the data have all been fitted by transfer filnctons of the form

Ke~s (Ts + 1) KtO(aTis + 1) (.0

Unfortunately, the existence of but four data po~qts for each input characteristic is a -evere hawrdicapr to the ana-
lyst interested in finding analytical models which ap~proximate the data. Of course, the selection of the simple.-t
form of transfer function, consistent with all the data of the three runs, leads rather directly to the form given in

0.01 1.0 2 3 4 5 6 7 ISIS I

20.1

'~~- -I- 5 PrALHASE~ I

rti Vt OPERAToR rRA!AZFER FUNTION A

Lo -L 2-1

Figure 44. Russell Simple Tracker, LwSpeed Forcing Function, Averaged Data.
(Source: Re f'rencc 70, Pieures 15, 33, 35, 36)
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I.0 fI Ei

.:07t. I-

10

140 0 A,*,og.4 Dot. (9 Runs) . .. 0 0.3 5,0 0,31
H ighesut Gain R.n IS.7 0.3 11.5 0.52

160-I Lo.sst Gain' Run 14.8 0,3 2.5 i).17

Figure 45. Russell Simple Tracker. Medium Feneed Forcing Function, Averaged Data.
'ut,'o.. 70. FigurerT 11. 14.,.1at 41N

Eq. (V-40).* However, with the excer ion of the high speed data of Fig. 46, the amplitude ratio points do not definc
clearly the location of the break points. As a consequence of this shortcoming it becomes necessary to make some
reasonable assumptions. Therafore, it was assumed that the values of r, would be the same for all tuns and that
the closed l-op transfer functions derived from the ficte nsdcii n b: etable. Then, the SUperposiLion Of the
data for the three forcing function conditions on top of one another lead to the ca itlusions that (with the above
restrictions)

KLOW SPEED utmSPEF.D > KUHJGNSPEE13

atjll SPEW > a~lEjl~tj,SpEED ;, nj O. (V-41)

The observations of (V-41), together with the possible necessity of a lead term for the high speed run, are aetual'y
the most significant characteristics that can be obtained from these data.

With all f. these items of informiltion, the data points can be fitted quite well by totwisfer functions of
the form given by Eq. WV-40). The value of ;i, howeve., can be varied over a fairly wide range without seriously

*Only the single uig), Speed run dem.nded a lead term fr a good fit. The other data were fitted equally well by a aiumple lag
form, similar to Elkind's. Transfer functions obtained using the simpler fit twers: Low Speed, 56 FO

2
,/f S/O. 10 1 1); Medium

Speed, li
t

/(/.5,i); High Spe-d, 2i50 ,UY(sil. + 1). Thi% last fit was quLite poor relative to that given in the body of
rhe report.
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Figure 46. Russell Simple Tracker, High Speed Forcingz Function, Averaged Data,(Source: Reletence 70. Figure 20.)

affecting the transfer function form, i.e., fuu, i,, usic to complicate -he trnsfer function with an additional Ing or
lead. Since we have no real basis, in Russiell's cuse, for deciding which data points were more accurate than others,
one should probably assume that all were about equally good. The single high speed forcing function run then had
the most influence on the selection of the ranges of rj; i.e., a volue of ri was selected that would be consistent with
a residual phase, which was derived from the form of the amplitude ratio alone, that did not go over zero degrees
for any of thr" fzrcing function inputs. A I, of about 0.3 seconds was consism~n. with these requirements.

Wit thec value of r: selected in this somewhat atbittary fashion, "residual" phase points were found by
subtracting the phqs_. of o0,}O j from the measurcd -base data. These residual phases are shown in igtures 44, 43,
and 46. The residual phases were then fitted with the aid of a simple template for lag-lead transfer functions,
giving values of a, I/T,, and 1/TL . The amplitude ratios consistent with these pataitietern were thien drawn in and
the gain K deteimined. The general adequacy of tth€ fits is apparent from examination of the figures. Table 3 lists
the values of the fitted parameters. It should be noted agaiin that this somewhat tautological fitting pfcedure is
necessary because the measured amplitude response is not capable of definins? a residual phase with sufficient
precision so that r, values may be determined from the slope of ricu versus ca as in the case of Elkind's data. This
pioblem will recur when we examine the Franklin Institute data.

The reader should carefuslly note that the numerical values assigned to the transfer function models are
onliy valid for 's oi the order of 0.30, and the selection of this value was made upon nebulous, though internally

consistent, grounds. If the single high frequency point of Fig. 46 is ignord, it is possible to obtain equally adequate
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Table 3. Recapitulatlon of Analytical Transfer Function
Characteristics Derived hom-,RUitsl-Dt, for r 0.30 e. ri

IN"ULr ./T 1/TL a K

Low Speed .......... 0.103 13.5 0.0076 52.5

Medium Speed ........ .37 5.0 .07 11.0

High Speed ............ .62 3.7 .167 2.0

-its to those -hown in the figure with a v.alue of r of ID.20 second or below, without having to add terms to the trans-
fer function of Eq.(V-40). This conclusion, and the ricative order of a and K values, are really all that one should
consider imporuint from these fits to the data - the actual numnbers in the analytical describing (unction, with the
general structure described above, are subject to the whims of the analyst doing :he fitting.

Cie final point should be noted - the above data would also be consistent with a transfer function form

K'r'(TLs, 4 )P _- ( js+ l)(Tis+ ) (v-42)

if 1/T > 20 rad/sec (for the high speed input run) and lIT > 7 tad/sec for the other two; and in addition,
r+ - -' 0.30. On this basis, the value of reaction time could be adjusted downward from 0. seconds to some-
thing between 0.15 and 0.25 seconds. Further
it,luoaiun would not be too compatible with the data.
The form shown in Eq.(V-42) is somewhat mote
desirable than that of Eq.(V-40) since Yp goes to
zeoa a'a gcs to inflity, as it should from phvsi-
cal considerations. iotl fufos are, oi course,
equai:. appropriate approximations over the fre-
quency band of measurement.

3. The Franklin Institute Simple Tracker

Th: ;alai &VI of simpler tracker experi-
ments were performed at the Franklin Institute as a
prelude to their tests on the description of human
pilots in the control of aircraft. The test apparatus
was much more elaborate than that used by other
investigators, consisting primarily of a cockpit
mockup (Fipgures 47 end 48), an analog computer to
generate controlled element dynamics, and sundry
data reduction t.d forcing function gear [31].

The simrt,aror cockpit contains a I inch
nscillseorc which prescnted. for the simple tracker
experiments, a display consisting of a fiduciary
cross hairs and a pip representing the pilot s target.
The operator's control was a conventional, spring-
looded, aircraft type control stick whose feel had
been designed to simulate loads on an F-BOA stick
under the conditions of test desctibed in Section
VI-D. The static characteristics of this control are
shown in F'Pure 49. These static characteristics Figure 47, Interior of Cockpit,
a: valid tapresentatior,6 of the stick dynamics to a I'ranklin Institute Simulator.
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Figur 48. Cockpit and Computer Rncks, Frankclin ;nsttwre Siaaur.

frequency of about 35 tad/icc in aileron and 9D cad/sec in elevator.

The forcing function was of-aeruted by r white noise sourc-- feeding tli-c..gh a ti.-ee section RC filter,
giving a high frelmency ittenuatiun rew! oif 60 db/de' . The corner frequancy of the ri!'t-r was adij'.tsble to values
of 1, 2 and 4 radfsec at continuously adjusable ribis voltage levels. The syscem error was twc dimensional. consist-
ing of an azimuth and elevatior eu;.. jerived froir subtracting functions of the aileron artd elevator centr-A posirions
from the forcing functions.

In the siwuple itcket t-hpeimetthc sa,tlac,; -as inrr'.si -1 sticl' contzc'ed :"c.-. cice
with a two dimensional display. No aircraft contol dynamics were ge.erated. Farh of the du~r.! firciag function
bandwidth conditions were use,!. Thec forcing~ furetions htad apprcxirn 'ely equal statiatics in both ailtron atnd ele-
vator, and each had an amplitude of 0.6 inch rms on the oscillosct-pe. The control parameters were 1.2 inches CR0
deflection per nch azimuth stick movement (at the rop of the sti.:k), oad 3.2 inches CRC ieflection pcr tk inch
in elevation. The stick hand grip position was about 25 inches from tin! pivot pl'int and tltt subject was about 28
inches from the scope, so the above control ratio!; are numerivdlly equal wli~rtr tspresscd in dcgiccn c. ~h
The stick forces were Ps shuwii ii: ~n~49, i.e., 1.35 lb/d'rgrec ailcrrni ani 13.,3, lb/deg:ec rievatur. TUv, cx-
perienced subjects tracked all forcing functions in the presentation ord.; of 1, 4 and 2 rad/sec bandwidL,;. tr-'.kiog
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Figure 49. Franklin F-80A Simulator Characteristics.

in elevation and azimuth simultaneously. Each run lasted two minutes, with a three minute pause between runs.

While data from both control axes were available, only alieron controi was anaiyzeci, and oi these one
run had to be discarded dve to data reduction difficulties. The remaining experimental data are presented in Fig. 50.

It will be noted on the amplitnde ratio data that there is a well defined lead term within the bandwidth
of measurement, and further that a high frequency lag outside the measurement bandwidth will be necesary for
stable operation if the phase daca is extrapolated in any reasonable way. Therefore, the simplest transfer function
tk', c -. ith rtability and fitting the data will be

Ke"rtjs + 1) Ker"(aTrs + 1)
VP(S) .- (Ts + l)(T~s 1 1) - (Tjs + 1)(TNs + 1) (V-43)

Following the general procecl-te noted previou.-ly in the discussion of the Russell data, the analytical values of
the tiansfer function approximation were determined. These art summarized in T.ble 4.

5i
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a. 1 Rad/Sec Forcing Function 4
Bandwidth.

Franklin Data, 2 Subjects 0-

'Best Fit" Pilot Transfer Function: 2
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[(s/O.04)+I1((s/I.5)+i1
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cu (rod/sac)

40. 0.1 1.0 10 100 b. 2 Rad/Sec Forcing Function

Bandwidth.

0a Franklin Data, I Sub ject

RE~DUAL. "Best Fit' Filar Transfer Function:

LIJ-10 ...... .. Q(/.0 11) + 11 ((s/4.55) 1 11

0.01 0.1 1.0 10 100
c. 4 Rad/Sec Farcing Function 4 1-tttft-t1-lfll-
Bandwidth. H L JI !IiI !

aFranklin Data, 2 56~jects 0

'Best Fit' Pilot Transfer Function:

Yp (s1O.2)+1[(s/11)+1

Figure 50. Franklin Sin'pI Tracker.
MRcf. 53. Fig. 8)
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Table 4. Recapitulation of Analytical Transfer Yunc¢ign CharPctejtis.ica
Derived from Frwnklin. Pqaw4

CORNER FREQUENICY OF IP
FORCING FUNCTION SPECTRA l/T 1/2k l/TL K -

I Rod/sec 0.04 01.5 0.5 0.15 100 0.08

2 Red/sec .11 4.55 2.0 .20 40 .055

4 Rad/scec .2 1!.0 3.0 .25 15 .067

C. HUMAN OPERATOR REMNANT CHARACTERISTICS IN COMPENSATORY SYSTEMS
WITH NO CONTROLLED ELEMENT DYNAMICS

1. Linear Corrielations

Since the concept of a describing function is so similar to common transfer function usage, the reader
probably has accepted this notion readily. On the other hand the remnant, which is by no means as familia: a
"property" of system elements as the describing function, although quite as important, may tequin, additional dis-
cussion. This lack of familiarity ari- from the natural translation ut' ideas .tou' linear systems, where the rem-
nant is zero, to quasi-linear systems where the remnant is not zebu. Tu help ov i -. iti dc1i-cit. -i. h
devoted a portion of Section Ill of this [epOtt to the definit ,i :cr, s ar,., .i .. .. . .'-. .

the remnant. Remnant description is extremely important . ri. ' i:u" ...-. " s -'j . '.

operator description, lor if the ir.,i., ,t iia ' at -,.z , . .. :. .

complete.

It will be recalled from Section Ill that 0,e .. : !t corrl -I was 11a Inl. md ieCanaiq:, ,

the ratio of linearly correlated output to actual output. -letl"tt Ler,ts of jIsed loop bh;,,..,.
operator output power detisity spectrum was given by

qatc _ 1111,,% ; , (V-44)

where the closed loop describing function, H, for i ;inip .. i cket , i.. Y,/( +Y). The linear correlation squared
was given by

Ik t, OaC

o: in terms of cross-spectra as

P2 .. 10"1 (V.46)

Physically p2 ib the ratio of the output power density which ,k !in. ,Iv * ,Afierent with the imkt:r. rh toral nutout
power density.."i

It will also be reca'!:-d that the total renm;ant, to sources w-r; lumped into the tA'rtt. .1., i.11
physically is the power spectral density of all of the otero . .... qrt which cannot be explained as the resui of
a deterministic linear operation on the system forcing fun . chief interests then, in the discussion of the
remnant tem, will be the I near correlations and the t

Unfortunately, the Frank.in anJ P,.sell sirrpl . -xperiments did not include a thotough measure-
ment of the remnant. It is possible, however, to note from dar- 'or an isolated point or so, and from
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21
2. Remnant Data and Attempted Explanations

one would feel confident in applying a linear analysis toidata for f~hieb ew abu O.]g ut en25c
we must remember that p is not the sole criterion for deterialinghi_nea~rbeh-vibr. This to say,-, ii-P
that the transfer function may be nonlinear, but the actual- tears'w-hih rbeto h~ meaau
istic is dependent on the inp-ut amplitude. Little~would be-pained frmha ai-Ah reeofs6-sli -hl _

departures of p from unity without a very thorough and extensive investigation into the data gathering, reduction,
and processing errors. On the other hand, data with lower lineart correlations should have some reasonable -expl an-
ation if they are to be considered indicative of linear behavior. Our major attempt, therefore, will be to provide
possible explanations of these types of data. Out attention will be confined to Elkind's rectangular forcing function
spctra sirnce they present the simplest overall picture and wili he easpme r. tipal with, M!ind's results for the

total closed loop remnant, 0.rP d for these data are illustrated in Figure 55.

-- R. 16

-- R. 24

-0-R.40

8- -a--R.64
R.9

14 R Le-,- .

oo 0 ,0 0'S

U--

Fit,.c 5'. Normalized Remnant for
Re.tangular Spectra Forting Functions.
Elland's Experiment IIll- Bndwidth. 00 1j -
- (Re/. 2.3, Fig.N. 4-7a and 4-8d) stc0
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Elkind notes that these data can be fitted very approximately by the rel! ,i

___,,_ -# -_ If -' -9) .

joZID1 idf +jL42  # +1j~V-Q 
.

where the parameter e is of the order of 0.8-1.0, and /a is about I or 2 cps. He t - ir notes JA;:

(1) None of the O. spectra exhibit resonant peaks of significant magnitu . ther in t6 ,--ra presented
or in those obtained from single runs with any of the subjects.

(2) The bandwidth of the closed loop remnant does not increase in any . propor'n, .ay wnh
that of the forcing function, i.e., the remnant bandwidth, given by I, goe, . ,. ' -. , ctv .
I,, increases from 0.16 to 0.96 cps, and then stays at about this same vulue as the . i" .-

bandwidth increases to 2.4 cps.

(3) OsciPlograms of response and direct observation indicate that the human operator's re- ..ses
b-ecomne more erratic and variable as the forcing function bandwidth increases.

While these comments are not solutions to the problem of remnant description, they do offer valuI '.! clues for ana-
lyrical follow-up.

In Section Ill we noted thatr cnmpnntrnts nf the remnant could result from four poNsibc z acs. In the
present instance it appears reasonable to rejf-ct the possibility rf the operator responding to othe- :.wt me supposed
system iiip:: L!: bring highly unlikely. Although a nonlinear operation on the forcing function is - i Xh' explana-
tion for ;nm of tihe noise power, the results of Flkind's Experiment 11 fortunately indicate that sc., rpo.nOincarity
is a minoir factor at an J. of 0.24 cps. Furthermore it would be desirable to save as much of the u, e.-,lness of
quasi-linear description as possible, therefore alternate explanations Uf the rvmnant will he thoou ', xdoinfel
for their ppplirability in the hope that we will not have to consider series nonlinear effects. rhia , o Yes us with
the following remnant sources to investigate further:

(1) lrj crion of noine which is not correlated with the forcing function into the
loop, i.e., is unexplained by any linear or nonlinear correlation.

(2) Nonsteady behavior of the operator, i.e., essentially random variation of
operator characteristics during a measurement tun.

The general analytical background for both of these possibilities was developed in Section IUl. Sinc: h !:,vw: iio
way of knowing which source, if either, is dominant, our only recourse is to look at each sewtrate', assunt.
th t v!i of the remnant is due solely to that particular source. Ve are not in any way implying ths . an a l or
none explanation necessarily prevails, but we use this apr proach since any theory based on a mixaure i fects leads
to hypotheses for which we may have no experimental check.

a. Noise Models

If a portion or all of the remnant term were due to uncorrelated noise injected into the loei :lIe f.oint
of injection of this exIrafleous aignal could be almost anywhere within the human operator block in the rk diagram.
From the standpoint of the measurements, the operator is considered to have only an input and output t. tnma, and
the experimenter can measure only the effects occurring at dw output. The exact source within the ope. . r blocl
and the spectral form of the components th.# wrntIA make up the overall signal are therefore impossible to i'termine
by experiments! zechniques based only upon a tco terminal model.

* Later. whea we desire a fit suitable for simpler interpretation and expression both ao spectral density and autoco. :ion wre

shall ue 2 form - "ith T allowed to vary with forciag function conditions. this l-a:er form provides Jub I jute a

fir as that given in Eq. (V-50).
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On the other I-, i, it nmu o possible, by the following process, for us to derive some equivalent m6del -
for noises inserted at n av place.,

(1) Con' 'iting tht 1,sd loop icranntt term into equivalent open loop spect.. -
Injected various iatts. " .. .. . . . " -

(2) At, ipting o - lop, from .ther dataand r~sortgblaassumpMjAi, i ijmsle- -- - -

a pr'. .,V'lel havii , imilar specttalcharact.!ristics.. .

The first step of the pro - sse is simph ,-fough, and is independe-,; -f the second in that it gives answers to the
question "If noise were Iected by th, : -i n fot i a particular form would it take?" T!'ic second step,_
no matter how succes', e, randei is d ed, must be con'jid .nly an "equivalent" hypothetical model
at best. Such a model, veves, is mu . .tter than nothi- may be as realistic in describing some of
the operatot'., actions :, tOe describr.. action is for

To obtni. idea of the lC.:, forms t. taken by an injected noise, the remnant term is
first converted to a, op n loop form. Ti ..wo s.tmp-. o find are those corresponding to the cases where

11) 11 of the closed . ) re., , .timed to be due to noise injected
i! operator at is . put . spectral dersity of this open loop output

will then he

I . VP'. , 'n,, (V-s)
I. /l

(2) A l of the closed lot remnant is assumed to come ion noise injected by
the up'eiatoi at hl :i,pi:: - e power spo rral density of thin open loop input noi:;e
will be

r The values of E.njJo7tI,,d/ and Vn.E/iaO., . or Elkind's rectangular spectra have been computed using his expe:i-

. entally determined values of Tn./f£ tlid, " .. 55); Y (Fig. 29); and It [23. These are shown in Figittes 56- 62.

.3Exaiaining the form of these plots, it is irn:.- z;ely apparent that no one simple spectral form, even with adjustable

.,Pparameters, will fit all of the data well.

The i, nI curves for R.16 to R.64 •,wed as a whole, appear to be fitted best by a horizontal straight
T line at about --18 db. If the 1)., values for t - irr'ut bandwidths have any experimental significance (it is certainly

possible that they do not have much aignific;,., for 0, in these cases corresponds to about 5% or less of the out-
* put power and the experimental inaccuraeies r nor aell known), then (P., for these cases app~ars to he apprnri-
' mately white over the frequency range of the '-'. '.ng function and has a de value of about

-'-!4~1.,) 1  4ii df (V 5 3)

"v bat.r w" * .. ,:' ,.-ctanpular input spectra, ;', " frequency level of (D, increases, with the higher frequency
ehavior t,-, inli wht!y towt '' - ,,. ''h-re l, c] might even be fitted with the form [1 +(Ta)2]2 .

The ' ,, data are somewhat m, c '.'-.. ,.., "' " for tn., but not to te point that they are easily
sceptible to a fittiag by a single simple a inn-'.: ,"r-. i will be noted that the general behavior of the fnn,,-
ta indicates a decrease in the low frequency ;t ,.rudc ; and an increase in the bandwidth as f,. increases.

After trying a wide variety of analv. -. brms i. -,a attempt to fit ail of the O.Ndata with a similar
tity, it was concluded that the form [(sin !-'.' ,T ca2i. ' is the most generally appropriate appioximation. The
ata of Figuires 56 through 62 show the ieL lr f thi. t and Table 6 summarizes the fitted parameters. The

cy of the approximation is %ariable, buz i is ''ly d for the higher bandwidth forcing functions which are
r *nconcern. Figure 63 shows the intere o,: .'d s<', variation of 1/7 versus )io for this model, i.e.,

WAIDC S6.524I



+70 - .

VI

0 -•

- I

+50 -

FITTED

(T=5.26)

PITTED
(T= 0.33)

Figure 56. Remnant Characteristics of the Elkind
Compensatotry E-iwriment R.16. Rectatguiar
Forcing Function Specua: ms amplitude = 1 inch 80
and f=o 0.16 cps. Fitted: [(sin /jT)I(vT) 2. 0.02 .G S .10 0.5 1.0 5

(Relerence 23. Figures 4-7. 4. 1..) FREQUENCY (cps)

WADC TR $6-524 94



'470 
P,- -

= _ - .-- Wow

J4df ~ d/Ia

FIT TED

(T=0f.33)

Figure 57. Remunant Characteristics of the Elitind
Compensatory Experiment R.24. Rectangular

Forcintg Function Spectra. ri amplitvadc = I inch

and 4,, 0.24 cps. Fitted; f(sinl/(T)/2wo.T)12. 0.02 0.05 0.10 0.5 1.0 5

(Reterence 23. Fl iwes 4-7, 4.11.) FREQUENCY (erie)
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Fi~tare 58. Remnant Cbaracteristics of the ElkindI
Compensatory Expeiment A.40. RIectangular
i'arcing Function Specim: ems amplitude = 1 inch - f -
and 0.4 cps. Fitted: [(bn %(jT)/(VzcaT)1. 0.02 0.05 0.10 0.5 1.0

(Ref(erence 2j. Figures 4-2. 4-11.) FREOUENCY (cps)
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Fjgugc SO. Renant Charicretistics of the Elkimd

Compensatory Experiment R.96. Rectangular I -_
Forcing Function Spectra: rms aniptitude = I inch -80-
andt,, 0.96 cps. Fitted.- F(sin '.T)('AcaT)12. 0.02 0.05 0.10 0.5 1.0

(Reference 23, Fgsites 4-. 4-12.) FREQUENCY (cps)
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Figure 61. Remnant Cha4ceristics of the Elknd

Compensatory Experiment R 16. Rectangular ____

Forcing function Spectra: £-1" amplitude = I inch b
and f.., 1.6 cps. Fitted: f.Rsin vT)/coT)]2,. 0.02 0.05 0.10 0.5 1.0 5

(Refercve 23. Figwes 4-8, 4-12.) FREQJENCY (cps)
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Table 6. Output Noise Parameters Obtalnod by Fitting 41., ih 2 T,17,1

ITEM Tia)j1d -- -- r

DC VALUIEti DCVLFI IRESTIt - - .44I4-

R.16 .............. 52.5 420 0.19 5.26 40.0

R.24 .............. 42.5 133 .30 3.33 20.0

R.40 .............. 22 12.5 .56 1.79 3.5

R.64 .............. + 14.6 5.40 1.05 .95 2,83

R.96 .............. +6.5 2.13 1.40 .715 1.49

R1.6 .............. +1.5 1.20 2.1 .475 1.26

R2.4 .............. - .74 2.9 .345 1.08

t Actual data derived from curves of: Ill/IU!2. '../';idI - 4 nn.

63.- I-1-.1......

011.0 10

Fiue6.Variation of Frequency of First Zero with Cutoff Frequency i
for Elkind Rectangular Forcing Functions.
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kA

T _ .7F (v54)
Cc,4

Sjn;e the assumed 1(sit wTc)/G~T)1.fiirpa r _(o yil-9 aryraoiW f~ tidstb-t
-geWhether n--eehIng equivalent can be derived on an. a priori basis; 'odothis wc-hal iasunc-that.* - ---

(1) The human's output response, c(t), can be approximated -by a series of discrete steps spaced T
seconds &part. Each step is assumed to consist of two components

(G) A par, Ate(t), linearly related to the forcing function.

(L) A part, n(t), reprtsonting random error or noise in the discrete step which
is not linearly related, in a deterministic fashion, to the forcing function.

'.?1 I-, ., r ach scp is independent of . i other steps.

(3) A sort of Weber's law type of variation appli-s to rite overall behavior. That is, the mean square
error in the dictete step is assumed to be proportional to the mean square value of A'0 , the linear com-
ponent of this step, or

n(02' = a,-, Aeo(e)2

A time function having the above sort of characteristics is shown in Figure 64. From the form of the
time function vid the assumptions given above, the autocorrelation function can be derived. Fairly obviously, the

0
lr) ,

T

Figure 64. Typical Time Variation of Noise and Autocorrelation Function.

autocortelation of n(l) will be of the fnrm shown in the second figure. The autocorrelation will depend only upon
a. and T, and will be independent of the amplitude disuaib.rion of the steps composing n(t). Both of these facts can
be shown as follows:

'The assumptions and part of this development are similar to a discussion appearing in Reference 23. It differs in detail, how-
ever, in several important respects.
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If a. is the ma~ultude of a r.;rticulat step of n(t), then

#1(0 - a., froma t .mT -to t( 1

The maltnde of these steps has some probability distribuii|h p(x). The i-probailhtryhat a. lia betweeni .and K + I then" " -' ::- :- -- . :_ .. ;

P(x<a.<x+d) = pCx)...

In terms of the second probability distribution the autocottelationis

r - f f , x 2 p, ,*,; x ,aO)d, d.-

where p1(x,, t1; x1, ta) d 1 dx2 is the probability that:

(a) n(t) lies between x. and x1 + dx1 at time 11

and further that:
(b) n(t) lies between x, and x2 + dx2 at time h (or r seconds after a)

The first problem is then to compute the second probability distribution. This can be done by considering the
following:

(1) The probability that n(t) lies between x, and x,+ x t at any time t is simply p(x,)dx,
(7) The prohahility that n(t) has the same value at time t2 as at time t, is the probability that f, and 42
(or I,+ r) lie in the same time intewal [between say mT and (m + 1)T]. This probability will be

I-Ir/TI if Ir T

0 if 1 "r T
(3) Also, for I r>T, n(t,) k- completely independent of n(1 ), from assumption (2) above. So for this
case, the second probahility distribution is simply thc product of the first distribution by itself, i.r.,

Sa(9, x21,) -I p(xg)1(x 2 1). The portion of the autocorrelation due to these terms, i.e., for r> T,

R(r)l>1T ffxx 2 P(X1 t1)P(x,t)dx1 dx, - [fxp(x,,tl)dxz][fx2p(%2,t2)dsx2

since the mean value of n(t) is zero by definition.

Then, from these rnnsiderations the second Probability distribution becomes:

Pzdx, dx, = (I - -JpW dT. Ii! A T

-- p(xl)p(x2),axJ ,Id > T

The part of tIe autocorrelation for Irl >T has already been shown to be zero, so the entire autocorrelation
function is

R(r) L . (x -dd for I rl'- AT

0 for Irl > T

Since the integration is over x,

R ti - f'peT) !dT

o Irl > T

Finally, the quantity .sx~p(x)dx is just the mean-squared walue of (t), or ar2. That is

(r) J. XJ$WLIX
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* Thercforc the autocogrelation is

Rm, ~r) an~ TJ i T

o~~~; H~ j-- I.

and is independent of the probability distribution of the- individual amplitudes of n(l),-bei dependent-only.

upon their mean-squared value, and their spacing in time.

The spectral density is, of course, the Fourier cosine transform of the autocorrelation7 or

f- R (4 ) cos &urdr - 4 fl 4 I- L cos rardr

2(To, ') iwtT -(V- 56)

This is the inteiesting anid well kaown spectrtn giv'en in Figure 65. -2j has its first zero at X it,

or Ir; so T = - This spectral form is encouraging since w aearaycnlddta (ix/1

-6v -4 rr -21w 2 r 4 r 6 a

-3a)IT -2ca1T -"T~7 0 OJ1T 2 cutT 3 oj1 T

Figure 65. Spectrum of2(v,[si aT/cT)'

form was the most generally appropriate rimpie approximation to the 0..,, data. The values of I have already been

determined from the empirical data (Table 6 and Fig. 63). The mean-square value, o,, of the assumed output noise

Cnn ii15C be determined from the curve fits, and values are tabulated in Table 6. A very a!)proximate relationship

between or. and forcing function characteristics for the RAID through R2.40 spectra is given by

_____ 1.75(V-57)
f~m1 1.df Vm

This equation, together with Equations (V-54) and (V-55) can be considered h e an equaivalent model for remnant

'expanaton" n th hpothenis that all the remnant is due to noise injected by the operator at his output. To the
extent that the data fits represent the actual results, we can say that the human output containts an error component
which consists of a series of discrete steps spaced an average of T, seconds apart. Also, that the tin value of

- ~--so+'~ ~ an .~.o '"s.nrot function of forcing function cutoff frequency and the time between
steps is an inverse function of forcing function frequency.

With this crude model of the data established, we can now continue with !he development of the a priori

nuodel. The next part of the problem is to derive an approximate relationship for -2 -~ T -, iz the velocity of the Input
and H= Y/(i + Y) the closed loop describing tunction, then the velocity of the linearly correlated part of the output,
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previously defined as Ae, will be ui. If we asaum that the Wlocity VH is opptulmately conat4nt within the
interval T, then 'iHT is approximtely equal to the incremental ampliu fhi ef-do ii.e., of to A H T O

Ago -'-HutT I- _

so that "- - . -

(", T)- . .

T has been assumed cunstant previously, and H, which is fairly constant over the bandwidth of interet.,can be
replaced by an averaee value, H., These crude assumptions and uppoximations allow us to evtmate A4 easily
without having to integrate all the terms represented by (t,,HT), since Ae4 then becomes

The mean-square velocity of the input is simply

so that

AeO - (21r)'(H.T)'f**/'41jjd/

Since we assumed a kind of V'eber law tTe of variation, i.e., u (Ae 0)', and /2t1i is even, then

a' cc (H.T)2.r/z41,,d1 V-8

If all the above assumptions are correct, we would expect the open loop output noise specta to be
proportinual to:

fl (o) " !nrT """Tl. 4T . V-9
®,,'# JF$,,df(-

For the rectang,,!ular, nrdn Fnion spectra, the ratio of the integrals involving 0,i will be

___,,__ "_M .4

-, 3€,,(o)/=o - 3
For rectaneular forcing function spectra, then, the open loop output noise spectra should be of the form

¢u ,", sin!oT 3'-

If the experimentally determined value of T = 0.75/e, is used, the low frcquency value of 1D. should be

it. (o) IH.IC_ -T- (V-61)

Jdf (a

The actual data to check this possibility are summarized in Table 7. While the general trend of these data is in
the proper direction, the higher input bandwidth information is m-oh closer to a variation of *D,,(O) with the square
fet of H11fm than with the quantity itself. If the lower input bandwidth data are admitted, the overall trend
becomes more closely proportional. All in all, the overall model is not too bad an approximate "explanation" of

the remnant.
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Table 7. Data to Check the Possible If the above type of model is considered adequate, its 90
n( IH. 2  consequences would require:Proportionality of .- ---- and -- ". . .-..

P i of/c (1) The opetator's output would teo. to be a-

jerky, step-like motion which is more or less the
lErSeach f a linear op r-tion n the forcing function

INPUT and which contains a random "error'" whose rms
value is roughly proportional to the linear portion

I,' d( of his output.

0.16 420 1.0 6.25 (2) The average time interval between hese
.24 130 0.98 4.10 step-like motions should be directly proportional

to the input bandwidth.
.40 12.5 0.93 2.30 Pr -med anid observed operator behavior which is similar to

,54 5.4 0,827 1.30 both of these Lh1.-actoristics ha long had its proponents
.96 2.1 0.532 0.55 among engin:.ering psychologists, so the output noise model

also has a certain amount of soul satisfying and intuitive
1.6 1.2 0.250 0.16 merit. At the present time, however, it must be considered
2.4 0.74 0.075 0.03 only as a hypothesis which it reasonably cunsistent with the

.. 0available experimental evidence.

b. Modal Bosed Upon Nonsteady Operator ,hMavtor

The second origin of the remnant to be considered iq the possibility of nonsteady opetator hehavior.
Ou only recourse, ns before, is to assume that the major portion of the remnant may be described by a nonsteady
operator phenomenon, and then to develop the consequences of surh an assumption. In this case, the spectral
density due to nonstendy operator behavior, 4 1(cj), will be approximately equal to the total rcanara, i.e.,

h)AH(W) (V-62)

Under these circumstances, the analysis of Section III reveals that the autocotrelation of the uncorrelated stochastic
variation in the closed loop transfer function, AH(1) will he given by

MAlAf(r) = ,(r) (V.63)

To determine the type of R^AA(r) which wool,! have to cxist if nonsteady behavior were the sole ex.

planation for the remnant, we can compute R,(r) and Ri,(r), and then use Equation (V-63). This process is shown

in the following paragraphs for the Elkind rectangular spectra data.

Th- power spectral dens'ty i.f the normalized closed loor remnant can be approximated quite closely by

;, ) (Sin YZ T,i - T J (V-64)

-.. t. ...... .~ -he Constants 'L4 !
1 
rh anroximate fits.

For the rectangular spectra. then the spectral density of the remnant is approximately

- 2,2'!n W', I (v-65)

The autocorrelation function corresponding to Eq. (V-65) is
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Rj~r) U. ui11 W-(V66)

where al is the mean square value of the remnant. Since the spectrum correspOndin8 to Fq (y-6(I) is---------------
fsin Yz, i 2  ..

2TI- ,2 the value of cr in terms of the measurements for the fitted curves will be

2 . 1T, 2W67)

The autocorrelation of the forcing function will b!

RW(r f."(,) cos2afrdf -± ff1C'cos~p.rf

ain 2ir J (V 68)

The required autocorcelution for AH() which would account for the remnant would then be

NAFAH-r) Rjr) - 2T ( sin T (V,69)

The mean-square or expected value of AH(t) will be

- . , 0 2 , (- -70)

The required mean-square , i. of the closed loop transfer function variation. "l , w based upos the fitted data are
given in Table 8 and plotted as a function of forcing function bandwidth in Fig. 66. The data fall rea'onably well

--0 T.. Table 8.t Dei,,d Da&, -f ;

______ ,i~t!',(T,1

;r -. 
C.UT4

- , INU (db) (linear) T :2
iue6 Eeda of R .16 -18.5 0.122 3.0 0.18

vs . Fri F o ad i, 4 .24 -18.6 .120 3.0 .1

0-, 02, I R .96 -11.7 .265 5.2 .690

4. R 1.R 6 -7.1 .441 5.2 ,45i

Figure 66. Expected Value of a2 t - H(t)2 R 2.4 -8.7 .373 8.0 Mori 1.48

vs. Forcing Function Bandwidth,/o t See Figufes 56 to 62.
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on astraight line of unit slope, with the exception of the point for R2.4. where [(ainx)/x1 is a rather poor fit fat
Ib/,idf. The approximate equation is 0Z

a' 4 0.7ff,,(-1

F~rom tis result, it -apvars that the nousteady operato behavior, as ftieasutic by 'the-computed Value~
increase approximately linearly with forcing function cutoff frequency. Since the value of (".is the ptimry--easure
of task difficulty for Elkind's rectangular spectra experiments, this would imply that the more difficult the- task, the
larger the nonsteady operator behavior. This. logical conclusion from the results of the nonsteady assumption
appears reasonable, acid in a qualitative way checks well with general observations of recorded operator responses.

Since the e.",: reqt'ir,!d to explain the remnant in nonsteady terms looks fairly reason~able, it is desirable
to proceed further in an attempt to derive other consequences resulting from the assumption of nonsteady behavior
and its imposition upon the data. We sLall thetefnire consider both the T, and dir normalized autocofrolat ion function,
RAlIAH(?)/oZfl, required to match the data.

The values of T, determincd trai, the fitted data (see Table 8) vary from 0.33 to 0.19 seconds in. . fairly
orderly fashion. In a very approximate way T */ 0 jIi though perhaps sin averjge value for T of about 0.25
seconds is just as appropriate.

To get a better feeling for the major variation in the autocorrelation, the normalized stutocorrelation,
Rfi~t~r/4jfot the R.96 data is shown in Fi~i~ure 67. As can be seen from the figure, a very good approximation

is just the simple form U -- MILIF) This is also the case for the lower &cos. For the FRt.6 and R2.4 data the Lipprox-
imation is not so good, and the form l rI/T7)Li + (ar)/lis superior. To the extent that the simaple form is a

0.3- - - - - - - - - -

0.4 ~ ~ ~ ~ h~ fm- - 0 -of A.%--- -- -

Figure 67. Sairple Variation of the Normalized Attocorrclatlon.

good approximation, tAJ(i) would have to consist of a time function similar (in its boxcar-iike structure and average
time intervals) to that shown previously in Fig. 64. In other words, a random time variation in the closed loop trans-
fer function having axis crossings on an average of about 0.2 -0.33 seconds or so would be required to explain the
remnant term on a nonsteady basis.
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Perhaps the most profound consequence of the above results is the tentative assertion that a linear,
though time varying, model is suitable to describe the data presented thus far. Th t is, the total actiwon the
human in Elkind's task can be closely approximated by using a time-varying-transfer funonH(Jet)iOti --
basis, the linear-correlation, p, beconmes a measure of the non-steadiness of the operator. Lilrewise,.h:.w:nvtrant - .
would not be Lhe.rsultof a nonlinear operation, but rather the-gonsequence of ai,,ucortelAted.time.varyin purtion .-

of the traunfer function. It in al-o desirabhk to note again that the nonntcady hehavior in- gneTion of task .... ..
diff;..ulty. Therefore, if the nonsteady model is used as a remnant explanation, p becomes a reasonable definition
of task difficulty (which it really is in general anyway) and aX, is a good particular definition. hether such a

definition of task difficulty in terms of p will obtain with controlled element dynamics in the loop remains to be
seen. Actually, if the operator is generating a Yp to equalize Y1 his repertory of possible Yp's may become sewerely
restricted as the task becomes more difficult. Hence, if p is due to nonsteady behavior, our conclusions may not
carry over to this case.

The level of values of o shown, in Fig. 66 and the results of the above discussion appear quite
reasonable, so it appears that nonsteady behavior is a distinct possibility for explanation of the remnant. It is
therefore desirable to carry the analysis further to explore the required open loop characteristics. Unfortunately,
the open loop variations required to give the required clored loop All 2 are difficult to assess. This can be shown
if we assume that the open loop transfer function is given by Y(iw;t) - Y(j)+AY(t), for then

Y(J; t) Y0(jw) i AY(t)

fl o; t) . Ho(+) A-I(z) .+Yo( ) (V-72)

As can be seen by Eq. (V-72), the solution for LY(I) in terms of A110) prents i touchy problem. However, if
AYG is much less than 1 i(j' ,), then

Y (o} AYWtaIl,(jO) -- + () i 1 +Y() (V.73)

or
AYWt o(

Al/Wr "- AYW(t) (V- 74)
I t Y(jQ) &A -)

Under the special restrictions leading to (V-74), the approximate open loop transfer function time variation will
generally be larger than the closed loop. It will tend to approach the closed loop value as ll,(j)/Y(jC) approaches
unity. This latter condition becomes approximacely the case when the tasks are particularly difficult, i.e., as ,
becomes large in Elkind's examples where Y 1.

From the general variation of Vo(jw) and RAUt,(r) with forcing function conditions, a fairly constant
RAYAY(r) would almost suffice to describe the remnant behavior. This observation leads to the conjecture that the
operator's bandwidth limitations and optimahzing behavior, coupled with a small amount ot nonsteadiness, inevi-
tably leads to large remnants for broad forcing function handwidthq. The operator could then get around this to
some extent by not optimalizing as much as was done on these runs, i.e., attempt to follow only the lower frequen-
cies in the forcing function. This would keep Y,(jw) large, tending to reduce the value of o/ and hence the rem-
nant and system error. This tactic, of course, wnuld only be valid for the higher fco tasks (above f. of 0.96 or so),
where noncteady behavior may be an important factor in the remnant.

With thc assumption of nonateady behavior giving the generally reasonable results above, w c have
another consistent possibility for the explanation of the remnant term. Here again, we must not nllow the results
presented to be considered an answer, but merely as a possible source. One would suspect that both noise injec-
tion and nonsteady possibilities are involved together in the remnant, possibly in conjunction with some nonlinear
transfer behavior. The general reasonablenes. of the analyses given above do give valuable leads, and arc fairly
,-itable as equivalent models partially describing the remnant.

c. Comparison of the Simple Tracker Data From The Three Sources

In general the Franklin and Russell' simple trackers and the Elkind pip-trapper experiments yielded
results which were fairly similar and consistent. Since the forcing function spectra were different in all three cases
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it Is difficult to aKrive at an exact comparison. The closest comparable runs were E kind'z R.16 and R.64. and the V

Franklin simple tracker 1 and 4 tad/sec corne freqienzy runs. .lkiid'sF3,iand l db/Qga f'liebwakin_.at s L.5
tad/sec is fairly close to the Franklin 2 rad/sec forcing function bandw*idth in.form. -

Unfortunately we can only conipa&c descrbbig function data, since the Franklurremnanr- data reio
-aere For the dAPsl-r4 ,functions, and within Elids ure6in id'dtiteH1 ndR6 aai

are fairly close to those for te two equivalent Franklin cases, being almost within the limits of the individual,- -

runs for either case. All of the comparable cases are shown in Figures 68 through 10, which tend to show that the
data are reasonably consistent.

The lead term in the Franklin data shows up beyond the bandwidth of measurement of the lkind data.
On the other hand the Elkind data have measured values ack to about 0.02-0.03 cps, while the lowest frequency
Franklin data is at 0.4 tad/sec. The presence of a lead term outside the bandwidth of measucani ft UL Fl.kind'r
data is a possibility, and such a fend would tend to increase the low values of r presently used in the transfer
function curve fits for the Elkind data. It should be noted in this connection, however, that the Elkind F-3 RC
filtered spectra shows no evidence of a lead out to a frequency of 0.9 cps.

From all of the above comments, it appears reasonable to state that:

(1) The describing function data points nre roughly comrparable,

(2) The differences between the Elkind and Franklin describing function data,
if any, are largely in the possibility of a lead outside Mlkind's bandwidth of
measurement. While possible, this does not appear likely because Elkind's F-3
runs do not indicate the presence of a lead with 0.9 cps.

, 0

0

o Fmi~n (I ted/aft i

* k~itad R.16

Figre 8. omprisn o SipleTracker Data (Franklin and Elkind).

II
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I'it~tlg 69. Cut"p.aiuI uf Simple Tracker Dita (Frunklin vnd FElkind).
(References ?3, 53.)
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Figure 70. Comparison of Simple Tracker Data (Franklin and Elkind).
(References 23. 53.)
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;While it is problematical whether any real difftenct-i exist in the Elkind and Franklin Oate, it thould
be noted again that Miknd's trAqking -control was o-ftaiderably sittplfH tP- thestf ret~W4pk
Frankiin. This difference in controlilers could conceivably he reaspow-Oble for the minor dAtaif I rtq-ilif --
present overall picture -is probably too vague to be definitive.
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Section VI

LINEARIZED OPERATOR RESPONSE TO RANDOM APPEARING VISUAL -FORCING FUNCTIONS
IN COMPENSATORY TASKS WITH CONTROLLED ELEMENT DYNAMICS-

A. INITROUuCTION

This section is a companion and extension to Section V, covering linearized operator behavior in titue-
tiona having controlled element dynamics other than unity. The simple tracker cases discussed in Section V were
well covered experimentally for a wide variety of conditions, and it would be very nice if this section could be com-
posed of a series of operator describing functions and remnants for increasingly complex situations in terms of con-
trolled element dynamics, together with a full coverage cf forcing function conditions. Unfortunatcly thc eiperi-
mental basis for such a presentation does not yet exist.

The primary experimentAl work with controlled elements has becn done by Tustin [85i, Russell [71],
and the Franklin Institute. Tustin's study was a piocering effort, but was quite short and limited in scope.. While
three liiffcrent controlled elements were used, they had very similar dynamics ink the frequency range of interest.
Typical information on the remnant was presented in Ref. 85, but the total remnant picture was relatively incomplete.
RXussell's stody considered a logical progression of more sni more complex controlled element characteristics, with
the primary emphasis of the experimental work being placed upon the operator's describing fuicton. Rflemnaiir char-
aetcriatics, in a spectral foi... *cic not thoroughly explore,' but their effects were revealed to some extent in some
eases by total remnant power and error power data. The Franklin institute F-80 simulstor studies are dosrumented iin
terms of both describing function and remnant chanracteristicst. Here the controlled element dynamics were thos.e of
an r-80f airrr-'ft in a , norant range tracking task -by (ar the most complex situation studiol Lt, detail to date.

Fromn this general stimmary we can conclude that the delineation of dezcribing function characteristics
as a function of courrolled element dlynamics can be fairly well defined, but that thorr-_rgh remnant data exist only
for the mnost simple controlled element situation (Elkind), and the most complex (Franklin). As previously noted in
Section V, the remnant becomes very impomrtant as the control task increases in difficulty, so it is unfortunate that
remnant data are be sparse for the succession of incrreasingly difficult tasks.0

At the time of writing an additional source of variable controlled element data is in the experimental stage. This project in
being perfortsed by Ian A. M. Hiall at Princeton University -ts part of the overall ILISAJ! coordinated effort. The study utilizes a
Navion simulator with both lateral and longitudinal control to forcing functions haying spectra flat to a 1 tad/sec: corner frequency
Find an 18 db/oct high frequency asymptote. The lateral controlled element dynamics are fixed, being those of a typical Navion
flight condition. Ther longitudinal courentled eleme~nts ate vste' with the following forms presently being considered for
stuJy!

Wil Forms:

Y, = X; (A =5, 10 and 15 des~des)

Yc j (K'1 -and 15deg/dea)

Y-.....K ( =' 1,~5, 5ard 10 see)

a(2 +l Xk 5 aec,; (T - 0.6, 2, 5 and 10 cr)

Shorst P.,lod Approslmotuaa Forms

A complete survey will be run for 0.2 S 4 '1 and 0.1 421 I opa.

It is anticipated that the results of this study will fill in many of the presently, existiaS Saps in castrelled element formts an
well as providing more adequate low frequency remnant data.
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In the diitcussion that follow.- the Russell data will be summarized first, the Tustin experiments second
and the Franklin Institute F-80 simulator data third. In all of these cases the transfer characteristics of the operator
have been derived by the authors and-their associates from the-orig;nal data. Both Russell and Tustin fidte&some -

of their data with transfer function forns, but based their efforts upon the use of Nyquist diagrams and nther types
of linear plots. In our curve fits the Bode diagram form has been used, sometimes it, conjunction with lineas phase
vq, frequency plots, sq hving more conq;Qrenr with simplir;rl. And aeuracy in the- fitting proers- In general the
Tustin and Russell data were fitted using criteria and methods outlined below:

(1) The linearized operator response data, which appeared in the original data as vector diagrams,
were first placed in the form of Bode diagrams.

(2) The data were then carefully examined to determine the simplest describing function fham con-
nistent with the general trends. In alnost all cases this came uut to be either

KC7 (7"s t 1) X&c'(aTs 1 1)

Ke-'s(TLs + 1) Kei'(alrs I 1)
t(s) (Ts l)(Tvs 1 ,1 - (Ms 4lX)(Ts 1 1) (VI-2)

The form shown in Eq.(VI-2) is generally preferred, since V(a)f-.O as s-- which is necessary phyi-
cally. In most cases, however, the data available were such that the ?4 term could not be determined,
and hence the form shown in E q.(Vl-1) was used. Then this is the case, the rea . - should recognize
that higher frequency describing function factors are actually present, and their low fretu,-:cy effect
is l,iml,1 itl, Ow r , tb reaction tim delay rrm,

(3) In the fitting of the data, any amplitude information indicating a !ead or lag break point was used
to define T or T respectively. For example, in the Tustin data, fitted initially with Fq.(VI-1), the
value of L was indicated by the amplitude ratio.

(4) Further constants in the rational transfer function terms, e.g., T in the above example, were
adjusted so that the phase lag attributable to the reaction time delay, r [that is the measured phase
minus the phase due to the contribution of the rational terms, (TLs + 1)/(7's 1)1, would show a linear
variation with frequency.

(5) The, initial value .fd r, which will inlhde, nf courqe, passible high frequency leads and !-gE as
well as reaction time delay, was then taken as the slope of the best fit line passing through the origin
of this linear plot of phase versus frequency.

(6) The total open loop transfer function. i.e., operat plus controlled element, was then checked for
s bility. In most cases with fore'rii functions containing low frequencies, the fitted operator form plusi
the controlied element transfer function would predict an unstable closed loop system. Therefore an ad-
ditional lag, i.e., T in Fq.(VI.2), was often required as a minimum addition to obtain stability of the
fitted tansier function form, This additional lag was almost always beyond the bandwidth of measure-
ment, and the frequencies in the forcing function were usually low, so the value of TN was adjusted in
these cases to orovide just marginal stability of the overall closed loop system. This latter procedure,
while not yielding a unique transfer function form, is consistent with that adopted previously in Section V.

(7) The final value of reaction time delay r was then found by subtracting TN from the initial r value de-
termined in (5) above.

Most of the fundamental basis for the cvolution of this detailed procedure was discussed in Section V.
The F-80 Simulator data, being somewhat more adequate in terms of the number of frequency points available, wan
fitted by a more detailed procedure than that above; this is o.,dined in the subsection on those data. As a final
point on data fitting, we must emphasize again that the fitted forms are only a convenient "model", and only the
actual data points have a physical basis.
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B. THE RUSSELL DATA

Ine experimental setup used by Russell has already been discussed it, Stction V and needs no further
comment except to say that the post and pre-filters now consist of various inserted transfer function;forms, and t hat
most of Russell's tests with various controlled elemaents were short studies, using one or two subjects and a small
number of runs, some undocumented. Therefore, while we shall devote some of our attention in the following to the
data, a very important part of the discussion is a recapitulation of Russell's comments and observations on the in-
dividual tests,

1. Effect of Gain Changes in Controlled Element: Y = K,

The effect of ga.in changes in the scope or the control, e:ither during a run or from run to run, is almost

entirely compensated for by the operator, who tends to set his gain in such a way as to hold the overall loop gain
at some given value. Slight ch-iges in overll toop gain can be effected by changes in the scope gain, but nowhere
near the amount that would occur if the operator held his gain constant. Besides this point, Ru-.sell also chows
that an increase in loop gain can be the result of instructions to "put more into it" or "try harder". In both cases
the describing function is, of course, that of the simple tracker discussed in Section V.

2. Effects of Insertion of a Simple Lao: Y, 1/(Ts - I)

When simple lags were placed into the control loop the operator's transfer characteristics chang-d to
marked degree. This is exemplified in Figures 71, 72, and 73 where describing function dntn are presented for be-
fore and after conditions, i.e., 7' 0 (no lag) for each case, and then 7'. 1.0, 0.5 and 5.0 seconds respectively. In
all cases it is noticed that the major effects are the operator's use of his lead term in a fashiurn tending to compen •
sate fr thc intludutued tl,. a reduLtiOn in vain, and piobably a change in tle fidta l'v :;Mc LU::-t.ft. 1'o 11 n ICId
lag time co!,:rant of 0.5 and 1.0 seconds, the opzcaror's fir-_t 12g tmi:c, constant app'ears to increase o',er that with no
,lynacnica; at reverse tendency is toted iii the case where the inserted cotiolled elh-nent lag was 5.0 seconds.

In addition to the darn given in these figures, Russell also notes the iollowing:

(a) When the lag time constant was smaller than about .f5 seconds, th,- inserted lag had no affect on
the describing function. In addirion, the operator entld nesircely notice the effect of the inserted lag on
his stimulus.

(b) As the controlled element time constant ivas increased above 0.05, the operator could detect a dis-
tinct sluggishness in the system. This became more and more prominent until values of controlled
element lag time constant, T. of 2 seconds or larper were t;sed, when the -ontrolled element aiteared
to the operator to take on the characteristics of a pure integrator.

(c) When the lag was initially inserted into the loop (usutlly in the postfilter position), the operator
tended to overshoot somewhat, occasionally to the point of "yst,.:m i.,stability. until he had acquired
some practice. After practice for a minute or so, he adapted his characteristics to suitable values foe
stability.

(d) The reduction in loop gain when the lag was inserted was larger than required to maintain stability.

(e) The mean square noise power and the noise component of the error were about twenty ppreent higher
with the controlled element lag than without it.

3. Effect of Insertion of Pure Integration: Y, = I/s

With a controlled element consisting of a simple pure integrator the maerator lowered his gain and in-
troduced a considerable amount of lead, as shown in Fir. 74. In on case this wa, as muc'h as T. - 5 seconds.
lhese changes allowed the overall system to be stabl€, but were also in the direction to increase 'he mean 5quare
tracking error over that with no controlled element dynamics. The low frequency response, however, is improved
because of the higher overall system amplitude ratio at low frequencies due to the Y, = ils term.
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Figure 71.
(Re feretre 70, Frgure 29.)
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4. Effect of Inseriso of Lead- Pure lag: Y (Ts + 1)/s

A brief examination of the effects of a controlled element with lead-pure lag form, with T. 0.5 and 1.0
seconds, gave the results shown in Figure 75. It will be noted that the operator stil; intioduced some ised forthese

values. Russell also observed that:

(a) When T- 2.5 seconds, the operater dnes no. appear to change his describing
function appreciably from that with no controlled element dynamics.

(b) When '4 2.5 seconds, the operator develops, lead over and above that used

in normal control with no controlled element dynamics.

., Th e oation ! f the dyrnam;e.q makin2 urp . in post o, pre-fiftrr position made

no essential difference nn the overall oreration of the loop.

(d) The output noise power was generally higher than the case with Y. = 1.

5. Effect of insertion of Lag.Lead: Y -- fa(Ts . 2)]/(aTs + 1)

Russell studied the effects of a lag-lead control for a = 10 and T equal to 0.165, 0.5 and 2.0 seconds.

The operator transfer lunrtrions for the last two of these conditions are shown in Figure 76. Russell also tabulated
the mean square tracking error, with the dynamics of Y, in the pre-filter position, for the two larger time constants.

Adva, Square Prrmr rmv Dne to Remnant

(in') (%)

0 0.045 32

0.5 0.34 56

2.0 0.041 24

In another tent, the T - 0.165 seconds value was used, with the results shown below.

Total Error Po-wer Error Due to Remnant

o 0.195 22

0.165 0.190 38.5

These data indicate that the noise power in the error signal decreases as the timse cunatant, T, is increased to the
oTder of 2,0 seconds or so, where the system, in terms of mean square rakinqg ePrnr, in just as good 6r better than

a simple tracker.

6. Effect of l/(Tstl) In Postfilter and (TS I)/(T-+I0) in Prefliter Positions

torm the results of item 6, Russell found an effective way to remove some of the remnant without in-

troducing adverse affects. A filter having a tiantfer function li(Ts + 1) was inserted in the postfilter location to

smooth the higher frequency remnant rower (which in Russell's case apir.arcd to have a peal near = 8 rad/sec),
and then a lead-lag (Ts+I)/(Ts+ 10) in the prefilter position to cancel o.c the lag introduced. Setting T at 0.5
seconds results in an effec tive controlled element tiansfer function of Y = 1/(0.05 s+1), which was noted in item 2

above to have negligible effect, i.e., the operator responded in the same fashion as that for a simple tracker. With

the equalization inserted two tests were made vith the following results:
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TEST I TEST 11

Tuial T1001 ....
Remnant Eror Rewaar Tani

Power Poo,:er
PW"1 rawcr-

(in2) (in
2
) (in

2
) (in)

No Equalization (Yc 1) ...... 0.013 0.043 0.029 0.042

'ith Equalization ............ 0.0019 0,025 0.004 0.017

It is noted that a general improvement, of the order of a factor o. two. in mean square error in obtained with this
scheme.

7. Effect of a Quadratic Controlled Element: Y, Ke/f(s/€u,,)' (24s ,.,, 11

With a quadratic controlled element transfer characteristic, the operator describing functions obtained
arc shown in Figuren 77. It will be noted from these figures that the insertion of the rather difficult controlled el-
ement dynaiiics with (,j, 7.8 rad/sec in the postfilter position resulted in a general deterioration of system per-
formance, This is due largely to the reduction in the operatot's gain. Withw, increased an octare, to 16 ra.i/scc,
the operator's charcteristics returned to essentially those o$ a simple tracker. For snother run with r,, - 7.F
r.d/sec, the error componeats were as shown below:

l+i: ul~l.tsimai.: 4 tagLa line [ Currelsti., ,Cfi-i if,.

signal to noine considerations was about 0.16 in this particular Case,

Frequency f r or the lowest achieved on any of the Russell data.

Component (in2) C. THE TUSTIN DATA

F, (0.105 cps) ........ 0.005 In Tustin's experiments f851, the general situation was
set up to simulate a tank turret fire control problem. The operator and

'2 .a sight were mounted on a motor driven turntable controlled by a twist-
i3 (0. 4 57 Lps) ........ O.Gis able, Spti11g-c LCteted, spade gill haadle. The taigct iavcd hack and

forth in different combinations of three simple harmonic componcnts
sufficiently mixed to eliminate any sense of regularity. Equivalent

Remnant .............. 0.045 transfer function data were obtaiied from the hatmoaic coilpolents of
- the traces that were of tht "Pme frequencies as those con'ained in the

Total Error ...... 0.110 target displacement. These data were then presented in the form of
vector diagrams of the ratio of handle speed/error.

Three basic variation3 in the controlled element (turntable)
dynamics were investigated with a variety of operators and target inputs.

The linearized transfer characreri;stics for each ef !h-se contro!!e: elements Fre presented as solid lines in ;he
tinde plots of Figure 78. The plotted dara points shown correspond to those measured from the vector diagrams ap.
pearing in the original paper. The operator response data were reduced in terms of target inputs having harmonic
components with a spread Loin 0.113 to 1.3 rad/sec; hence it is obvious from Figure 78 that, for this range of fr.-
quencies, there is very little difference in controlled element dynamics between the displacement speed control and
th. '.cu+ond-dzfferenti.!" ontiol. Thi.s siimilat ily wa. appare-nt during the course of tl-e rests a,,d very fu-w data
points were obta!;-cd for the latter type of control, which has therefore been deleted from further consideration. The
static characteristics of the control are shown in Figure 79.

The linearized operari response data which, as mentioned, appeared in the original dar as vector dia-
grams. have been assembled in Figures 80 and 81 in the form of Bode plots. It will be noted that. for the first and
only time in this report, we have combined the data points for two different forcing funlctioni landwidths" on one
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Figure 82. Lustin Reszdual Data,

two loa freqxiency phase points from the general phase trend of Figure 81. These two points are the lowest fre-
quency, lnrjgest forcing function nmplitude data for two separate runs. In these cases it is quite probable that the
operator was acting in either a pursuit or even a synchronous raode for the lowest frequency.

Tustin made a harmonic analysis of all the frequencies appearing in the pilot's output, associating
those terms cortna,ig io iLCUi Allw.e ' i e umplex input to derive the i aabf: Lnction data which was pre-
sented above, The reglt of -he harmonic analysis of the residual signal or remnant is shown in Figure 8-1.

The original paper did not present data on linear correlations, but an estimated value of ebout 0.94 for
p is possible on the basis of a "typical" tracking record shown therein.

L. THE FRANKLIN iNSTITUTE F-80A SImULATOR DATA

1. The F-80A Simulator

The general experimental set-up used in the F-80A simulator tests was similar to that discussed in
the simple tracker description o Section V. The essential difference is that now the controlled element dynamics
were those of an F-89A aircraft engaged in a tail chase. In sddition, the display was elaborated by an artificial
horizon consisting of a line which was rotated and displaced vertically in the same fashion as the true horizon
would be were ir viewed rhrnugh rhe wind qcreen under contact flying conditions. In crder to minimize orientation
difticultics on the part of the subjects, a pair of wings was drawn on the stationary cross-hairs so as to clearly
associate the cross-hairs with the subject's aircraft, and the pip with the target aircraft. See Figure 83 for an
nbstracted sketch of the display, Figure 47 is an actual view of the interior of the cockpit, and Figure 48 is an
overall view of the simulator and the aqnciatrAr computing equipment. It should be noted that the actual cockpit,
which was modified for the purposes of this experiment, was obtained from an F-51. The cockpit instruments, none
of which were functioning and whose sole purpose was to provide a certain amount of face validity, were obtained
from an F-80A aiicraft. The stick was loaded so as to simulate, without nonlinearities, the forces a pilot would
encounter at Mach 0.7 at an altitude of 20,000 feet. Although rudder pedals were present 'n the simulator, they
were impotent in controlling the F-80A aircraft simulator. As was indicated in an earlier experiment [521, jet
pilots used only stick control at the simulated speed and altitude. It was therefore decided to describe the pilot's

WALrC TR 56-524 127

3



AK , O'i,* Ls h;,
Nk Hh" gs the hwitoh

Figure 63. Th. F-80A Noulator" Display.

b-l i in ternS of stir+. etntr.-A nnly, i.e., aileron control governing the lateral response and elevator control

governing longitudinal responses.

The controlled element dynamics included both the aircraft equations of motion, in five degrees of
freedom, forward speed assumed constant, anti the geometrical te'ltonaahips between the target and the tracking
aircraft. The target an~les were given byt:

VA. (JOPiA r- p,,,- -7+ -7(V-

iF " q + pr -t -r , VI4

'VT Vr

w here ()A" azimuthi O)E - elevation

, =-. vo, + P v.
' =Uoq- PV,

r =target angle

XT = distance from tarlget = 3000 ft constant

p,q,r = angular velocities in roll, pitch, yaw

a, Ij = angles of attack and sideslip

V = velocity of target in plane perpendicular to x axis of interceptor

B. , aileron and elevator deflections

Since the lateral-longittklinal cross coupling terms are fairly sniall for the case of interesi, it can be assumed that
the pertinent error angle observed by the pilot would he $,iv- n by the above e.xpressions with P= 0 for the elevation
error and rp VE - 0 for the azii.muth error, Accordingly the equations simplify to:
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q +VM-6)
XT

and the transfer functions of ieattst become

' (s) -- s) (V-7)
Vt.s a, VF

The various longitudinal and lateral airframe transfer fonctions making up the above expressions were evaluated
for the following airplane parameters as set in the simulator:

.e= -22.4 M,= -12.7 Nq = 14.8 g/ o  0.044

L, -5.62 M& x -. 908 A; = - .026 -. 189

Lr +.525 M -1.66 ,'. = -. 493 -1.87

L A= -49.1 MSE -31.1 ,A .318

Collecting the numerator terms and factoring both numerator and denominator, the Mil conttollcd clement ttansfer
functions may be expressed as:

A -3.5 S +(- + I,1 1
,(s) -(o.C-s- - -.Ii% ... iA)~ s' 3.88); .l(l

( -. ) (1I-lO),lf~~ (0.094)s)s

W N2 0.07 .6 3.98 +

Bode plots of the above functions are shown in Figures 84 and 85.

A forcing function was generated independently in azimuth and elevation by passing white noise
through a third order R(. titter with a single corner frequency. Ithree iorcing function bwndwidths were used, with
corner frequencies of 1, 2, and 4 radians/second. The rms value of the forcing function was continuously adjust-
able, although the primary values used were nominally 0.3, 0.8 and 1.1 nns inches at the display for azimuth con-
trol, and 0.2, 0.5, and 0.8 for elevation control. The basic reason for using a random input for the forcing function
to the pilot-airframe system has been discussed in Section III. The choice of the particular tms amplitudes and
bandwidths was governed by the desire to present a signal that was within the limits of the pilot's ability to track
as well as realistic. These target disturbances simulated atmospheric turbulence of vaioar degrees of severity.
The Air Force pilots who ser-md as subjects generally felt that the 1 and 2 iadians/second bandwidths provided
turbulence conditions that they had commonly experienced, whereas the 4 radians/second input represented un-
usual conditions. An unsolicited comment from one of the pilots about the 4 radians/sef-ond input was, "I wouldn't
fire in air that turbulentl" During the prctrial briefing the subjects were told that they were flying a simulated
firing run tail chase at a target distance of 1000 yards. This task orientation was readily accepted by the pilots
despite the unusually long run length (two minutes) and the difficult tracking conditions which prevailed.

it is of interest to examine a pilot's comments and reactions during his pre-test familiarization runs.
From these data it is possible to get insights as to the development of an acceptance of the simulator by the pilot.
The first 6 comments in what follows were selected from a series of remarks made during the first hour, by a pilot
with considerable experience in crystallizing his opinions on aircraft control systems. The same pilot made the
subseqtzent comments during the course of a two day experimental session.
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r. lAuc 84. Franklin F-BOA Simulator itesponse in Azimuth.

1. "In nn aircroifr, control is mrc pesitive. Here Itfnd myself constantly jiggling tht stiuk. At& -,tu-

al aircraft would have mocre stop a-, the zero point, however, I think it's a gockd idea for a simulator to have
tight control."

2. "Longi tudinal control seemb -Aightly unstable- - in other words the response of tlI'e simulator to con-
tol motion seems to piodure an overshoot. This effect may be present in lateral control as well."

3. "Ile response time for longitudinaal and
- lateral control appears to be about equal. I

oi (i-ad/s oc) expected the lateral control to be faster.
40 0.Ii 10 so 'Sim-alators never see !v te have the dynamics

~ 40 of aircraft in flight; they always miss some

F~$JI I~uAH IULLLUaspect of the 'kel'."

,e 10 II4. "My flying technique cuiauisuing of smooth

0 - .jeasy corrections which 1 use in ait actual
F-80A is inappropriate here. I am forced to

-20- N- use jerky corrective motions."

0 -- 5. "1 believe that four radians is unreason-

- able as an input for this control system. It
may bepossible in elcv-tor, but just barely

- so."
azr-120 PO 6. "This control system seems to cause

pilot to overcontrol."

3m ' -Following the pre-trial period, the pilot tb-r
-O . 9(s/0.28+ 1)(s/1.58+l1) proceeded to track twenty runs which were record-

Zt~i) i~c1 d. In these runu forcing functionq of I and 2
sSi3.98+2i056js3.)8iljradians/second bandwidths and 0.3 and 0.5 inches

rms in lateral control and 0.2 and 0.5 inches rms
Figure 85. Franklian F-80A Simitlattx in longitudinal control were used. During these

Kespome LO WCiVat1uM. zust~al. continued.
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7. "Run No. 4 started out well. I'd rate the runs as 1, 4, 2, 3. 1 seem to pace myself against time. I
think that Lhe first minute is always the best. I'n, convinced chat the 'smooth' mode is superior to the
'frantic' node; i.e., fly the simulator like an airplane, graceful and easy.

NOTE: The pilot had introspected aloud o the best control philotrophy to use in the simulator. One style of con-
trol, the so-called "frantic" rmvle was characterized by abrupt sudden corrections in an attemapt to maximize zaro
cros.,ings. The alternative style of control the so-called "smooth" mode required the pilot tu execute his control
responses slowly and gracefully. From the viewpoint of the observer, the "frantic" moelv appeared like an inter-
mittent relay type control; whereas the "smooth" mode was much like smooth linear control.

3. "111, 'I'tantic: mode isn't any good. I work harder but get no resalts, Vim always bracketing tue

target. More zero crossings, bat not useful for gunnery. Unlike the 'smooth' mode where my error in-
creases wid, time. I believe that my error is relatively constant in the 'frantic' mode."

9. At run No. 16 the subject said the following: "This simulator has good 'positive' control in ele-
vator. The aileron fccl is motre spongy than it should be; it should be more mechanical. There is too
much overshoot. 6ienerally, however, the control system is nor bad at all. T'levatur control is excellent."

10. Toward the end of the first day's tests, the subject experienced several test runs of ten minutes
duration. The foll. s Lu"Jiznnc'its arose after these runs.

"'Mumentarily I got vertigo. I think that my performance deteriorated in time, but not as badly
as it might have."

After the last rn'. of the day he said "I actually thought that the fuselage moved. I find myself
preferring the four radians/second input at the lower rms amplitude. Since I no longer make reversals,
I (it,1 the quiLk re i.pos e rcc,, irel by the fast noise it) ie desir:able."

S , 1.ay I" t', t V.tb, tUti ,uuJct.t ua.ic the foiiowing remarks:

11. "The four radians/second input is not unreasonable. In fact, I'm still flying in the 'smooth' mode.

I like the fast recovery toe, and I'm positive of my contr.."

12. "There is still lag in the pip presentation laterally. I think it's due to rolling to change heading.
I'd like to see faster resoonse. Loneitudinal!y the control is good."

13. "It's a good, representative aircraft system."

Although all of the foregoing remarks were generated by one pilot, they are representative of both
solicited and unsolicited comments made by the other subjects c,,ring hoth their familiarization and test riun. The
ntajor conclusion which one can draw from the series of remarks is that after an initial period of warily testing the
simulator, the pilot accepts the qimulation as an adequate ground representation of the aiicraft.

2. Experimental Procedure

The experimental procedures used in obtaining the data which are presented in this section were es-
sentially the same as those reported in a previous report 153]. A brief recapitulation of the general approach and
experimental design will be presented here for convenience.

1he major problems which the experimental program sought to answer were: the extent rn whit-h thte
subject behaved in a linear fau-hian, the manner in which his response was frequency dependent, the extent io which
his describing functioa was time dlpenlent,* and the viriability in describing functions among subjects. An ex-

tremely imnortant auestion which the experiments left untouched was the effect of changes in the controlled clement
dynamics. The data reduction was so laborious that rather early in the program the decision was made to ennren- 7
tiate on a human response study For which only one aiicraft's dynaiics would be simulated rather than to risk di-
luting the effort by r'nsidering aircraft dynamics as still another experimental variable. Despite this effort to

For long time intervals, of the order of minutes, o L. Detection of short time variations (of the order of seconds) is not prac-
tical by the techniques used here.
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concenat- on pilot centered variables, the experimental program's reach exceeded its grasp.- he-mcc ei cy -And
resolutio"ofthe an lytical tools wcre'not adqute for discriminating m%ny of the variables which were considered

tobe inportant in the expezimenzal ig . - -- - --I ~ ~~~~~Each of thee bix subjects, .five highly trained jet Pikxs fnih-VWY S~~ra~~
and one.highly uaimi.d-civila. jaerpij, patcipated incpepa'atory, a7d;recor Le tga serLqe*Jja.j .~;-:

mental conditions. After being briefed on the purposes of the etperiment-t- -- i- - -
forcing function input for a period of about ten minutes. The-purpose of this was to familiarize the 3ubiects with -

the feel of the controls. A second phase in the pre-trial familiarization consisted of a total period varying from
half an hour to an hour of simulator time during which the subject practiced tracking the various stimuli which would
later be presented to him. The predominant stimulus in thin fauniliarizatia p-:iod :vas of 2 ra4danss.cond bandwidth
and 0.3 rma inches in amplitude for azimuth control and 0.2 rms inches for elevation control, These inputs were pro-
duced by passing broadband noise through a low pass filter whose corner frequency was 2 radiana/second and which
attenuated at 18db/octave thereafter. The subject's practice runs were approximately two minutez in duration and
separated by intervals ranging from two to ten minutes. Since in general, the pilots arrived in groups of two, they
alternated with one another in these practice runs

It is rather difficult to assess the amount of familiarization necessary to produce stable and represen-
ittive response behavior on the part of pilots in the simulator. If the data are tn he meaningfully relaf-d to the air-

borne problem our subjects must be responding in the ground simulator with habit patterns which are like the habit
patterns employed in the air. It is possible that a protracted familiarization period in the ground simulator might
result in lessening the effective transfer to our test situations of these airborne habit patterns in which we are
basically interested, and the corresponding strengthening of response patterns generated in, and peculiar to, ground
simulation. These response patterns which might develop from experience in the ground simulator would tend to
make the subject "play a gav." tathcr than fly an aircraft. The ideal situation would be for a pilot to be convinced
rather r.pidly that the ground .ql-n!&Aor prn^vwirA An adentqare representation of flight conditions, and then to tranuier
h,. airbvrnt rcqvituse patterns co the ground environment without attempting to An lty:,e the grnund system too criti-

cally. This thinking dictated the type of fami'i.izatior, procedures used. Si,,.ce the pilots were presumed to be at
a stable plateau of flying performance, our problem was essentially to arrange matters so that our measuring device,
the ground simulator, was actually sampling their flying performance at this presumed plateau.

Folluwing the familiarization period, ench group of two pilots (pilot A and pilot B) tracked the follow-
ing prograr. for ten two-minute trials each.

Bandwidl Amplitude nms dtahes
(rod/see) Azimuth Elevation

A 1 0.3 0."

B 2 0.3 0.2

A 1 0.8 0.5

8 2 0.8 0.5

The partern illustrated was repeated five times. The separation betwecn trials was about 2.5 minutes.
After a rest period of half an hour to an hour a second similar series of ten runs per pilot was recorded. This
second series differed from the first only in that pilot A now experienced the 2 radian/second input and pilot B the
1 radian/second input. The purpose of these trials was to see what effects in the measured describing functions m
could be attributed to an increase in experience during the time intervals studied. The remainder of the several
bandwidths and rms amplitude levels used, and to studies of tracking continuously for ten minUre intervals. As will P
be seen when the data are examined, much of the fine detail which the experimentai design was intended to reveal
was obliterated due to the statistical spread of the data. Consequently there is little point in dwelling further on
the experimental design at this point. I
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3. The Accuracy of Spectral Estimates
--

The manner in which the data were analyzed, the statistical significance ofthc.se dani,-ct e-- .... -r ei
mental desijn are all intimately related. In fact, certain of the h
to aftswer were. directed toward -validating some of the a.;urnption_- :our analyicareehniu-.--- - -

Since the data from the F-80A simulator experiments in this section are being presented for the first
time, it may be helpful to discuss the statistics and the analysis procedures. This discussh,.,, derived from Tukey
18, 80, 811, applies equally well when evaluating data from the other experimenters referenced in this report who
have used the spectral analysis of time series as their basic measurement technique. The following material.is
an effort to provide an intuitively satisfying summary of material which the interested reader is urged to pursue in
the primary sources [4, 8, 37, 38.65,75, 80, 811. In their text [381 Grenander and Rosenblatt present the most refined
readily available treatment of the statist cal estimation problems arising in mensuring the spectra of time series,
whereas in their referenced paper 1371 they present a heuristic derivation of their main qampling theorem together
with an expository problem and limiting distribution functions relevant to their theory. The estimates Cre:nander
and Rosenblatt developed are stated in terms of the spectral distribution function, which is, the integral of the
power spectral density function. They also present the variances and biases associated with spectral density es-
timates derived from different nmoothing techniques, and lea-e the selection of the smoothing technique to be de-
termined by the reader for his particular problem.

As has been statrd in Sectiun III oi dis report spectrai densities and cross-spectral densities can be
defined in the following form:

(VI-I1I)

The fact that the definition of these spectra depends on a limiting process implies that all realizable
masurcments are approxi :i~oi to lcacr or greater extent. This necessary truncation of the time series rec,rd

is the source of the sampling errors, AM', associated with spectral measurements. For the case of a Gau .iai hi-
put spectrum which is essentially constant over the interval of estimation one can determine the standard deviation
of the spec tral estimate over the interval w? - cal as,

<AlP> (VI-12)

k. 2i

where 1AI can be estimated by Alb t -. '.1' O,)dcJ. In the above, T is the length of the record and (,, 2-oJ1 ) measures

the resolution of the filter with widcih the spectrum is scanned.

One can see, therefore, that for a given lengt, of record, the resolution and the accuracy of the spectral
estimatrs are mutually exclusive desiderata. This reciprocal relationship provides a challenge to the experimenter
to make a reasonable advance judgment which will provide the best compromise between record length and resolution.
The design of the filter whose width is approximated by (Wo-tlu) poses certain problems whether the filter be numeri-
cal, as in digital procedures, or in electrical device as in analog zeciiiques. ideally, we would like to have a filter
whose scanning window in the frequency domain is rectangular in shape, but this is impossible to achieve. The ef-
fect of measuring the spectrum in frequency bands definea by the iesolution of the scanning filter is equivalent to
,:onsidering the measured spectrum, ul,(e-), to be the result of convolving the true spectrum, ,(to), with a Land pass
filter of transfer function ,(().

=( (t(o,) Yp(to-to.,) d 1  (VI-13)

Since Y,((.) passes a small amount of energy at all frequencies, we have a distortion of the true spectrum
due to a diffusion of Trower from more or less distant frequencies. Minimizing the effects of wide filter skirts is often
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a cut and try piocedure in an effort to approximate the ideal rectangular shape for the filter's window, These' pro.
cedutes are all based in practice on assumptions of smoothness and Gaussian Amplawd dstiq uiu~ fr~a
measturd Spectrum.-

The forcgoingthas referred to te ~raop~rsr~aul w
is using analog techniques. . Inu.9ing an analog device-as a specttwnanalyzer, _ttbniitrftj

!c~r must be selected so asto cover adequately the frequ--eniy ietdin the Aneasurd i~'~
remarkc is less obvious when digital Lcchniqn's are employed, for in this case the exprmne m select his
sampling interval, At so that At v/%, where ooy,, the Nyquist or folding frequency, is thehighies ' frequency
expected in the data. If this is not clone there will be an aliasing of frequency components, such tha-tone -cannot
distinguish sinusoids of frequencyv 2r.: where n-'1 2.3. *.. . and 0,eo,

Central to this discussion of the measurement problem is the assumption thir the time series whose
spectrum we desire is both stationary ant' Gaussian. In some instances, if the phyuiczi underlying the process by
which the time series was generated is known, it is possible to state whether the series is stationary on tin a pri-
ori basis'. Otherwise, it is necessary to study the process itself in order to determine if observed variations
among samples of the process are greater than sampling errors would predict. In this9 empirical examination of rhe
procsa the experimenter must make a preliminary estimate of rhe maximum sample duration over which he can
reasonably expect staticarity; and similariy estimate the minimum duration (for a selected resolution)whiech will
yield adequate accuracy. The goodness o.' the Gaussian hypothesis can be tested by examining the first probability
densities (of the amplitude' distribittions of the random functions in question. In the experiments which were con-
ducted with the F-BOA simulator the best compromise between these two durations was thought to be two minutes.
For this duration, and the spectrum analyzer used, IT61r w1,)1/(2rr), which Ttikey has callcd dfegrees of freedlom, is
about 22.5. The degreea of freedom will be recognized as the square of the denominator of (VI.12).

Actually. Tukey has discussed the variability of spectral density estimates in more derail by noting
th.t tC( C.tiv of (tic 1114,.,, s U Of a blIeCIt(Al componenE to the variance of this spectral component is disttibuted
,-; >X/degreer of freedom. in other words, if we use the conventional notationl' to denote the trcc population of Cli,
and i is degrees of freedom then f(lil/h is distributed as X2 with / degrees of freedom, Ile is then ahle to state con-
fidence limits with consideruble ptccision in terms of a readily availablL liiljting distribution.

The measurement of cross spectra from paired phenomena which have a transport type delay; such as
uIC 11u1alu UPCzULrrS ICeacton time, introduces Anothet consideration in sampling. if the transport type delay isr
seconds one iaust provide an analog computer of bandwidths equal to Yil, to prevent a contamination of our measure-
ments. If a digital computing technique is used the sampling interval, Ar, preferably should be lers than r and at
worst equal to r. The precise size of Ar depends on the desired resolution in the measurement of r.

Very little has been said about the confidence limits on cross-spectra. One can reasonably expect
that com~putations of Yp based on Equation ([11-54), in which we compute the ratio of two cross-spectra computed

.....!z rmc record, - il 1 bt:c:;o.ab!Y accurate cvra rhcugl - the sanapling variA~il;-y -1 0_oivdo ~os
spectra may be large. This expectation is based an the assumption that the fluctuations in these two related cross-
spectra are not independent. The ;vroblem of assigning sampling confidence limits to the phase and the amplitude
ratio parts of VI., determined by (111-54), teas not as vet been solved in riporous form, although a heuristic deve lop-
ment has beetn attempted and will be presented hece.

Referring to the steps leading up to Equation (111-54), one cans write:

Ismt I* Jm

Ytis the true value, antd Y is the calculated value for the open loop pilot's transfer function.

Ursing the uisual symbol, <>, for ensemble average to denote the true values for above averages, one
can write the calculated time averages as true averages plus small errors.

Jim I~ ~ -t <b
T-.e.> + f. 4% 4~ (Vi-)
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T0N <I*N+Ie. + ~ J~'e, (VI j6j

4

in the above, tt is a real quantity, bu4 the errors associated with di .umplvx ee ftiir.-pLtl WLhrat5 *hgr'a-..
nary components. Substitoting Equatitmnl (VI-15), (VI-16)iii Equ-ation (PC- 14), ar estinain by-Y-wC obtain- . . :

fi e t

e A(i, + yp,( D,, + (a) YPC I + , Yp,*,--"Cl
4 's !- fit . ft

Using the first order approximation for small errors

1 -- AN AX-AV
i +AY -1

one obtains after cancellations;

YP = Y~t-I + flY+, e (V

One can demonstrate that if X and Y be complex random variables:

Ii, (XY*) - O, I '

where

1

and n is the number of degrees of freedom in the estimate. Arguing by analogy with Equation (V-12) in which the
denominator is the square rot of the degrees of freedom of the spectral estimate, one can write

, . (Vi-19)

One can therefore rewrite Equation (VI-18) as

I- ~ J 1"J ,

The E s are random variables for which ? 0, d 1 so that E5 -i J~ is distributed circaly on the Yp plane.

In order to obtain phase and amplitude standard deviations, rewrite Equation (VI-20) in a simpler form
so that

Y

where k, and k2 are small. One can then wrir., since the small change in magnitude of Y,, orthogonal to its length

is negligible:
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Similarly one can equate teal and Imaginary parts In (VI-21) and obtain:
. _.... ..+-A-.- -. -(Vb -7 r -- -2-)

Hen,- *1 is the error in magnitude and k, the error itn pho,e. The net result is that the sampling standard deviation
in AR is:

VA, [,VYP] (VI 23)

and the sampling star-dard deviation for phase is,:

Y, ' (VI-24)

In order to compute the total standard deviation in Fhase and AR one must combine the variances due to instrumen-

tation and computer errors, o, Ind sampling errors, u.2, so that:

~,i. (VI-25)

Sin general, it will be easier to measure the quantity u from known inputs rather than to attempt to estimate the ef-
fects of the various measurement errors on the total standard deviation. It is advantageous to be able to compute
(VI-25) so that a priori statements can be made about the possibilities of resolving desired differences in 1, with

at a given experimental design. Unfortunately, we must have information about the form of (D., which is difficult to
estimate prior to an experiment. As a practical matter, an a posteriori computation of o,2 from the collected data is
the most convenient mcthod for assessing the significance of findings for which adequate number of meAsurements
of YP exist.

If, however, we are comparing a small number, or perhaps unique measurements of Y5, with one another,
and we would like to be able to discuss the statistical significance of these comparisons, then an effort to compute
(VI-25) is necessary.

Equations (VI-23) and (VI-24) enable us to make quantitative judgment about the ac.curacy of phase and
AR estimates which are extended beyond the nominal bandwidth of the input i(t). Sin- ',,, if 9 b down vat thr
corner frequency, which defines the nominal bandwidth, and attrnisares at IR dh/octave thereafter, one can see from
Equations (VI-23) and (VI-24), that if (D., is either flat or attenuates at a moderate rate, the confidene hands about
our data will spread as (a approaches and exceeds the cut-off frequency of the input i(f). Equation (111-56), which
relates 41.., to +,,, indicates that t¢, which could hardly be expected to attenuate as rapidly as D,,, might very well
influence %,., so as to create an approximately flat spectrum. Further on in this report (Figure 107) we will see that
this is actually the case for azimuth or lateral control although not quite the case for elevation or longitudinal con-
t'rol. .

A further characteristic of the measuring process, which tends to deciiorate the quality of the data,
involves a paradox of sorti. If the input forcing function and the controlled element dynamics are such that the
tracking task is simple; i.e., the rms tracking error is very small, then our measuremen t of Yp, the open loop transfer
function, is subject to rather large errors. This condition arises from the fact that we measure the open loop trans-
for function as foll,-ws: Y, - F(P/IP. As a consequence if i(t) be small and of the same order of magnitude as in-
strumentation and computer errors, measurements will be confounded by noise. The closed loop measure of the
pilot's transfer function 4,/t,, computation is not affected by small values of ((t), since we only need to measure
the cross spectrum, ', Ind the input spectrum 4),,. In the F-80A simulator tracking problem, one cannot blithely
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assume that, by dint of the foregoing argument, the more difficult the task the better the measure of Y,. In the
more difficult tasks, which are characterized by high input amplitudes and-bandwidths, not.oaly does the linear
model on which Yp is based become less pertinent to tracking behavior but the.task may begin iol1ie verisiil-. -

tude, and the pilot begins to play a game rather than acept out innent-deiction. i s.14---, w'-wvfildLx-

peer greater variability among pilots since we would no longer be comparing the pilots with regard to their ability
to fly jet aircraft which is the common characteristic making pilots a stratified sample. The foregoing intuitivc
reasoning yields the conclusion that our best data are those obtained for an $ii bandwidth of 2 radians/second and
an rms input amplitude of 0.2 to 0.8 inches. Indeed, it has been the case that the bulk of our usable data was
measured with these inputs.

4. The Data Reduction Equipment

The earliest data obtained from the F-BOA simulator and previously reported [21 were analyzed on a
device designed following a principle suggested by J. W. Tukey. The present data were analyzed on a device whose
design derives from the procedure used by J. 1. Elidnd, and independently developed by F. B. Smith and others at
NACA, Langley. [3,23,74]

The general analog procedure for computing cross-spectra from cross-correlations is first to multiply
the two input functions at various time lags. The average product at each lag, which is the cross~corelatiuu is
then passed through a narrow band filter to find each point on its Fourier transform.

By properly changing the order of these procedures the crnqs-spectrum will still be computed, but
without the neves;iry for ireediate storage of the crosq-correlation. The following describes the computer
to analyze the r-0GA bimu6ttion data [31. til the narrow hand filter was used on the input functions, the
rcsulting narrow band functions were multiplied, and the average product over the length of the input record was
then determined. T'o follow this dcscription exactly, we should have the narrow band functions in complex form and
average both the real and imaginary parts of the product to find the real and imaginary parts of the cross-spectrum.
In practice one filtered function was shifted in frequency, so that the real and imaginary parts occurred as ir-phate
and quadrature components about some suppressed carrier. These were phase-sensitive detected befouc being put
into a low-pass filter for averaging. !n the NACA analyzer the same result was obtained by phase shifting the nar-
row hand function outputs of the filter before multiplying. One multiplier output was then averaged to give the real
part, and another multiplier was used for the imaginary part of the cross-spectrum where the zero-beat part of the
multiplier output corresponds to the detector output in the Franklin Institute analyzer.

The narrow band filters used were identical and fixed. The frequency of the signal component passing
through the filct was varied by a heterodyne scheme. One of the filter outputs was further heterodyned with a
fixed oscillator. The carrier was completely suppressed in the sccouad miser. The output of this second mixer was
multiplic .-

"-h the ntput of the other filter to vive n r cut-"t -se froe~,neu a that oef th- 4 i.. - 0 , -1
whose in-phase and quadrature amplitudes are very short time estia,ates of the cross-spfe.trum. We now computed
the average values of the ;n-phase and quadrature components of the multiplier output. In order to average con-
veniently, using d-c amplifiers, these two components of the multiplier output were converted to low frequency
signals by two phase-sensitive detectors which are driven by the fixed oscillator. The d-c levels of these two
signals, averaged over the run length of two minutes in real time, were the desired cnaiiut. . They aeprcs.a: the
real and im-rwinary rorts of the cross -spectrum. A block diagram of this scheme is shown in Figure 86, and a
photograph of the Vquil,,,C,, is shown in Figure 87.

The inputs to this cross-spectrum analyzer were frequency modulated signals recorded by means of a
modified Ampex 306 ,n !2 inch magnetic tape at 1% inches per second and played into thc analyzer at 60 inches
per second in the F-80A studies. The maximum speed-up ratio obtainable with the record and playback equipment
was 32:1, and this speed up :ra,io was used for F-H0A databut LO:i and 8:1 ratios have been used for uther putposcs.
In .... .z'" r timc, the system's bandwidth is 600 cycles, and the width of the narrow band scanning filter is 6 cycles.
In order to 1 alidate the performance of the analyzer under conditions as closely analogous to the conditions under
which Y1 was measured, the following circuit was used.
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The rsieulated! magnitude and phase of the filter Y, aire plotted on Figure 88 and given by

A measure of ZY lt /i, which is analogous to the open loop pilot transfe!r function, Y,,, was obtain~ed from the
cross-specrum analy:ser by using a 32 radian/second noise source inpur directly, arid by-passing the record antI
playback speed-tip system. The measured points are to be found on Figure 89.

In addition, a large number of measurements of Ii - ,, wicaranlostomaue nt

of the closed loop transfci function It have been mode using the tape recorder speed-up system, stnd their accura~y
iq thp q.asi. aa Fi~eure ss indlicates for the oret n~- esuremente. 'rhes , ss wei v tr~y !:t-tle for mirny repe'-
tirin mnde over a pf-riod of n~ix mnnrhf-.

One additional test was made of the cross spectrum aalyzer's performance. A snmple hnndwltevi
trackier, which had a small amount of mechanical inertia, was used to track an input of 4 radians/second bandwidth.
'Ihe controlled element transfer function waE; approximately Y. 1. The closed blo transfer function, //I Y.1 !I
since Y, " , was measured by (l)I/tlt,,. A tracking record for i(:) and c(t) of two minutes duration was produced bly
n highly experienced operator, and was recorded simultaneously both on magnetic tape and in digital form. The
digital data were nccurazc ro zre!- significant decimal dipir-- runn were produced! - ;. o;aaplinp rate of 2 san,,lcs/scc.
The data on magnetic tapt- were? reduced with the Franklin ltistirnare cross spectram analyzer to obtain l,1,.The
digital data werc used to compute tl),/ 4 ,, on a desk calculator using eight lags. The raw speetral estimates were
smoothed by Tukey's reuning weighted average of weights 0.23, U.'i4, and 0.23 IXIui. !iguire 8~9 shows the digital

.uptt,:; ';-an a...p~irudl raticea~ Osui ISLS With ti: anialog crpio . woe~-juu
The spectral d" si ties were nor computed at ide,,ticad frequeccks, which explains tine frelfucitcy dlisplac-ements be-
tween annlog 'Ind digital detert-.:az=:cns on Vg:ucc !V" -- strates that %lc cross;: .... nalyzer

;:~k ;,i:lirly random, dild MtId LIiltCL~ JVV;5 L .U~~~,a:~ai5e utetrs

5. Measured Describing Functions

We shall present the rcSUlcS of the previously described experiments in the following manner. lrxperi-
mental parameters will be removed by averaging in a successive fashion until smooth.1 13tde plots for Yp characteri-
zing the three input bandwidths, remain. These grand average CULves Will then be fittcd by following a stared pro-
edure, and analytic approximations to Y, obtained.

The first set of data is found on FigureQ 90 through 95, anid presents Bode plots for elevation and
azimuth control for pilots P-4, P-2, P-3, P-4, P-5, and P-6.

Whiile th~ese tesultea indicate that the aecuiscy of tiannfer function mceasurements with the equipment is quite good. we should
a:.ni ilat these 5;m ... ~u&,aenj- Cc,,w ,t.ssaune njj- W~ t ilt;-.h p vajues. iflese were on theC jaw side, i...,

"'asured n p is, r tin the ac~t,' Thn-ero on, should aot place too mond confidencc in thr values of P and derived rcimnant
quantitics shown later.
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Figure 91. F-BOA Simulator open Loop Describing Function for Pilot P-1.

are characterized as follows:

(a) They are drawn at random from normal populations.

(b) These normal populations all have the same variance.

Although condition (a) was fulfi lled for the Franklin F-80 daist, Atn rF IeSt demo.nstrated that condition
(b) was not met. Consequently the following types of statistical tests were implied.

Trends wore examnined by ":" tests to determine wisethcer meneus wcrc progressively deereasin* or in-
kieasing as a function of sonme independent variable. Since hypothesizeA inequalities were often examined, one
sided "I" tests were appropriate in general. Due to the occasional small samples, and the inequality of variances,
special forms of "t" test were indicated. in order to obtain even sinall saripIcs of describing functinn easimates
it wo-s necessary to average together data from experimental runs obtained under different conditionts. In fact,
since the ums amplitude of the fo~cin3 function input appeared to be a weak influence on Y.as indicated by Figures
90 through 95, significance rests were made on the differences of the means for I~l and for 0.3 and 0.8 and
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Figure 93. F-80A Simiulator Open Loop Describing Fujntion for Pilot P-4.
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0.2 and 0.5 inches rms amplitudes in lateral and longitudinal control Lespectively, Although there were clusterings
of significant differences for individual pilots in 0, or IYpI, these were about what would be expected by chance at
the 0.1 level when the population of pilots was considered as a whole.

As a result of this resit, Figures 96 through 99, which present the results of averaging input amplitudes
are presented. There were so few w,. 4 rad/scc runs that they are not presented in these figures. Although the

frtr-going procedure has the advantage ot simplifying the darn presentation considerably, it has the unavoidable
effect of increasing the total variance in the various estimates for Y,. This increase in variance serves to obliter-

ate many' details which the experiments had been designed to resolve. However, such clear and striking effects As
the pilots adaptation to Ywere significant and manifest despite increases in variance.

Suome idea of the differences between pilots can be obtained from Figures 96 through 99 by noting the
2a confidence bands. An effort to quantify the differences in averaged describing function lBodr. plots tor individual

pilots was made by comparing highly similar and highly dissimilar Bode plots for (a, I rad/sec. Comparing pilots
P 4i, PS5, and P 6 there were no significant differences at the 0.10 level for Iipl in lateral and longitudinal control.
For pilots 3 and 6, who generated markedly different Bode plots, there were 3 differences out of it- possible 6 which
were significant at the 0.02 level for lV~l in laterail control and tivo differetices out of a possible 6 which were sig-

nificant at the 0.1 level in (h for latal COnitrol. Pilots 1 and 3 demonstratei 1, out of 6 possible differences to be
significant for IY,,I in longitudinal control at the 0.02 level, and 3 out of 6 possible differences were significant a~t

the 0.02 level for ;/ in latcral control. This analysis was too cumbersome to carry out much further and the large
variances associated with our small sample measurements made detailed statistical analyse* irappropriate.

In Figures 100 and 101 we present grand averages with ?P' hands about these averages for all six pilots
for each of the three inpilt baindwidth-q and two controlled elements. Azimuth, or lateral, control is presented in
Fienre 101), ndi elevnrion, or lonigitudinal, control in Fiptrc 101.

It, wACC tv .k t ifu the ,;,1AifiL1&nLC Of the' trend in Figures 100 aind 1011 for t,, to decrease tor any
gven mep~t'tetefit frequency, ,), as the itnput forcing function bandwidth, -L., int W"Str it %cries of "t" teats

wats p~erform~edl. Tests were made for the significance level of the inequi'lities , 2 .1 an d p, , where
the subscripts refer to the values of (,_ Table 9 preselta the resultsw of thn. oc tecv[S. The fact that Table y con.-

finvis the visually appn-ra, tread is all the more conivinecing in view of thc high variances associated with these:

phase averages. A similar analysis was performed on lVpl but the results showed only five differences, two of
which were in the predicted direction. This is what one would expect by chsnce alone on a two tailed 'Y' test

at the 0.1 level. The conclusion shown was that Ilp was not a function of W,

The averages in Figures 100 and 101 are the basis of the curves fitted to the dlescribing function data

The actual fitting procedures were based on the following considerations:

s.n! -i. Int-r',ttamc (simnujator) system was stable.

(b) The controlled element characteristics (airframe transfer function) required the operator to develop
lead in certain specific frequency ranges, either for stability or for low frequency performance reasons.

(c) The simplest fit consistent with the data should be used, though an t!" would always be required.

(d) The value of t should nct be restricted or assumed, though it should be greater than 0.1 seconds.

Since the subject and general situation was the saie far all of an individual's runs, and the subject
was presumably hot expused to preconditioning of an~y stcthe~r th.~n cnn:.i! ictlofl. one ,h~t-1d

be safe in assuming that the value of r obtained should not be an extreme function of bandwidth. T1his

latter point was not taken for granted, however, being subject to a cheek of sorts.
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Table 9. Significance Levels for Three 6 Inequalities.

LATERAL CONTROL MODE LONG1TUDINAL CONTROL MODE

tad/sec ~ ~ ~ > I 4~€,> /' ' , / > ' 7,> > '' 2" '

0.6 n. S. n. S. n. S. re. X. U. S. i S,.

1.2 .01 .01 .025 .01 ". , ". S.

1.8 n. S. .01 .01 .01 .01 .01

2.4 n.s. .01 .01 .01 .01 .01

3.0 t (.01) .05 .01 .025 .01 .01

3.6 L, . .01 .01 .05 .01 .01

t Denotes a significant inequality in an opposite sense 'rom the column heading.

1 -in m tial sLp , thc dci ,i I. d fittii. !,,,cedur-, :iicc .n ,' wa:. 11.t-c b.ay from a general conider,-

tion of the amplitude rAtio and phase curves, wi the construction of a series of families . r&j for various
values of r. This was done to determine an allowable range of values for simple fits, and the general type of fit re-
quired. From this step it was determined that

(1) The simplest possible form of transfer fhuitivot eoi i-n-t with all the F-80A simulator data was

K (F-7 (aTs 4 1)
41( ) (_- S41 -Ivi126)

As has been pointed out previously the above form has the disadvantage of not approaching zero as S
becomes infinitely large, Should we assume that the describing function is of the form shown in Equation (V-2 4),
YVp(jr) approaches 0 as it. it should be understood, however, that out fits are not meant to be naively extended
beyond the tange defined by -he measured points nor should one lose sight of the fAct that rhe measured points are
the basic data. In addition, since an appropriate qclection of the four con-tnts in Equation (VI-26) in accordance
with the following considerations results in a stable pilot aircraft system, a principle of parsimonious description
would argue against adding a high frequency lag of Equation (V-42) to Equation (VI-26). If, on the other hand, it is
desirable to follow a principle of consistency with a larger body of data and theory, then following the Eq. (V-42)
form is indicated. Although the present development presupposes the form of Equation (VI-26), the utility of the
Equation (V-42) form is examined later on.

(2) With all three input bandwidths considered, the value of r must be larger than 0.20 seconds and equal
to ot less than 0.30 seconds it rhe torm ot P.quariom (Vl-.i'- ::; accepted.

Data for amplitude ratio and phase were then examined in detail. This examination revealed that:

(1) The dc gain KP is essentially the same for all three bandwidth conditions.

(2) The values of a are in the sequence a I> v > a (rmd/see).

(3) In general, the amplitude ratio of the pilot data indicated that the lead break (1/aT) should occur in
the region of I < (I/o)T < 2.5 rad/see for elevation control and in the eegion 2 < (1/0li < 5 rad/sec for
azimuth control. This conclusion checked nicely with intuitive notions about "requirements" imposed
upon the operator by the airframe transfer function.
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at The conclusions of the foregoing were then rechecked with the residual phases of the +,, r' piots.

rldhs tosulte,- in th. selection of a r. 0.25 seconds as an excellent value consistent with rl the above work for~~~~all three cases. W ith r selected, and the above points kept in mind, the final fits were madle. --- __ !

The fitted farms obtained above, and the original data points were then added to a Bode pJit a$ o .

airframe transfer function to make certain that the ovorall system was t, If,

The results of the foregoing fitting procedure are shown on Figures 102 and 103. 'Mien the fitted an-

alytic forms are adde.d to Figure 85 we have nearly neutral stability in the region of the aircraft's resonant fre-

quency in lateral response of 3.8 radians/second. When the measured values of Y, for lateral rcslumse are plotted
On Figure J , we have good1 stcbiiity over the entire measured zage. One cin see from Figure 86, howev.i, that

stability is not an important criterion in longitudinal ..ontrol. It is comfortinp to find that, aiter boiling the dara

down to iust three Bode plots for lateral and for longitudinal control, .hese averaged data tre consistent with the

dcmand. dhc controlled element i.,po.cs ,l. the pilot. Ill a semiu, this cuavmiacivy, which im.,;c ": -. L.,..Iiwing

Function on the pilot's part, justifies many of the debatable manipulations to which the data were subjected enrot'"

to this point.
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Figure 102. F-8OA Simulator Closed Form Approzimations to Y. for Longitudinal Control.

5WAOC TE 54.524 15q4



2A

'Best Fit'

CODE 4. Operator Transfer Function a

13~

s/4.4 .I
0 2 le + 10

4, .45 * -*' ',"Ql5 1 )
OD 22~

20 -4

Figure 103. F-80A Simulat? Closcd Form Approximations to Y, iO La-teral Control.

The analytic approximations presnrted in Figures 102 and 103 can be complemented by the following
equally good fits according to Equation (V-42) to the dara for aileron control.

........................................... .......... .p .

0.20 e-'- (s/0.8 I 1)(si5 41) (si10 1) 14

0.28e -
''' (s/0.31 1)

0. 50v-0- (s/0 19 1 1)
2 s/. , . )(s0 1 10
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In elevation control we have the following comparable array:

A0 Analytic Form for Y a

I 0.6 e- 1 (sf4 +1 ) 10
61/40+ 1) (s 10 1)
0.63 e- ' (s16 + 1)
(s/20 + 1) (s/l10 1)

4 No reasonable fit was achieved

The observed rather poor fit for a,.= 4 in Figure 103 was considerably worsened when the effort -vas made to shift
r down to 0.15 seconds and compensate with a time constant of u.1 seconds in the so-called neuromuscular lag
tEcrm. An improvement over either of these approximations to %0 = 4 for elevation control could have been effected
by relaxing our condition that r's be equal over all bandwidths. A r of 0.3 to 0.4 seconds improves matters consid-
erably, if we do not relax our conditions on the desired amplitude response form of Equation (VI-26).

An examination of Figures 100 or 103, where the grand average data for elevation control are presented,
reveals that both Equations (V-42) and (VI-26) are forced fits to the data. A more attractive explanation of these
data will be found in Figure 146 c of this report. Here we have hypothesized a linear describing function with an
anticipation or sgn function in parallel. This model would predict that for low linear cotrelations Eq. (111-68), tile
sgim function would dominate and the overall debcLbibju function of the human operator would approach a parr gain
wth -ru ha;e lag. Thin is precisely what we find for ceevation contro, for iniput forcinA functiun b.,ndtidths uf
one and two radians/second. The averaped describing function for the 4 radinns/secood forcing function input han
the form of a sgn function in parallel with a pule delay time phase lag of e-0.2s. It is of interest to note in Fig. 108
that the trend for measured linear correlations is to increase with increasing forcing function bandwidth. (oase-
quently, and consistent with our obsevations, the sgn function is most influential for these lower bandwidths.

6. The Remnant and Tracking Errors

An experimental measure of equal importance with Y1, the open loop describing function, is p, the
linear correlation, which we discussed initially in paragraph 4 of Section III of [his reporr, In the assessment of
tdU adequai.y of out describing functions, an important criterion is: how much of the total output of the man is de-
rivable from the describing functions we have extracted. This is precisely what p measures, for referring to
Equation (111-64). we find the ratio of remnant power to the total power output:

Orr

or if we desire w can express the output signal to noise power ratio as in Equation (111-65)

We can compute these and other characteristics of the remnant from p which is [cf. Equation (111-68)1:

a I

I®6 4
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Figure 104. Linear Correlations for 6 Pilots with tu Confidence Bands (Lareral; co I rad/sec).

Although p was determined for each of the several conditions for which Y, values were measuied, we
will only present certain representative determinations of p at this time. Some general statements can be made
about the bulk of these data. Although the shape of a given p plot as a function of frequency is characterkiric of
individuai pilots, there seems to be a consistent increase in -he averue value of p as a function of the bandwidth
of the system forcing function, which is demonstrateu oy all pilots.

In Figures 104 thfough 107 we present the p measurements for 6 pilots .v-raged w.vr input amplitudes.
together with the 2o confidence bands, for both longitudinal and lateral control of the F-80A simulator.

In orJ- to get some notion of the range of significant differences in the p pits of individual pilots, a
comparison was made between the most and the lea.t similai p plots on Figures 104 and 106. Similarity and dis-
sirni1_ritv were defined suhj,'rively., A rnmparison on Figure 104 between P-1 and P-4 showed no significant dif-
ferences; whereas P-3 and P-5 showed 3 out of a possible 6 differences to be significant at the 0.02 level. On
Figure 106: P-I and P-3 showed no significant differences; whereas P-2 and P-6 had 2 out of 6 possible differences
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Figure 105. Linear Correlations for 6 Pilots with ±0 Confidence Bands (Lateral; . 2 rad/sec).

significant at the 0.05 level. This crude assessment was too awkward to Fpply to other pairs of p curves, but it

should serve the reader in making casual judgments about variability between pilots in average p.

In Figure 108, we have p versus wt for 4.= 1, 2, and 4, radians/second averaged over pilots.

Since an analys-s of variance could not be performed due to the lack of variance equality for the pop-

ulations of 0-values sampled, a '" test was performed to check the visually observed trend tor average p to in-

crease with a.. In "Table 10 we prescnt the results of a test of this observed trend. As with our data for Y, the
high variances about moke Table 9 Pll the- mnre eonvincing.
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Table 10. Significance Levels for Three Inequalities.

r !,e, PA -r A .. . .. . _ . -

rad/sec P>P >43
> 1 >P P1, P -- -

0.6 M. , n, ns. .10 .10 n,,

1.2 .01 .01 n. s, .01 .05 0.s.

1.8 .01 .01 a. s, .01 .01 .01

2.4 .01 .01 .01 .01 .01 .01

3.0 .01 .01 .01 .01 .,01 .01

3.6 .01 .01 .Al .01 .01 .01

ni (aS/a*c)
2, 4. 2 8 i t ,

20-

E ...

CODE o

A 1 0.3
0 B 1 0.8

C 2 0.3
D 2 0.8
E 2 1.1
F 4 0.3G 4 0.8

Figure 109. F-80A Closed Loop Remnant, Lateral Control.

Then we compute the remnant from p, we cannot average out forcing function amplitudes as we have
done in our plots of p since 0CC is obviously a strong function of the input amplitude; Equation (111-64). In Fig. 109
and 110, IV. is measured in db, where db conversion is from units of inchesl/radian/sccond, measured on the os-
cilloscope, Since the flight problem is calibrated so that % inch deflection on the scope cotrouponds to one degree
of displacement fo the taz&.: at 1000 yards range, these data can be converted to degrees, mile, or whatever unit
is appropriate for the readcr's purpusc.

In Figure 11I we have presented relative mea-r.o-i of the open loop output no.se, 4 1me, based oan the
assumption that 1%8 is all due to noise injected by the operator at his output.
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Fiu ue 110. F-SOA Closed Loop Rcmnant, Longitudinal Coruol.
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Floute 111. F-8OA Remnant Due to Noise Figiore 112. F-8OA Remnant Due to Noise
Injected at Operator's Output. Injected at Operator's Input.
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Thmesc)7us following (111-74): .
0.11 1.0 a 4 6 1

t I' ~ ~ d~~n t@hown wre normalized by dividingyteiiIA 4 gatedspectrum; ---

-J0,A(eidw. . . -

p I II I IIn Figure 112 we present similar curves based

I I on assumption that the noise was injected at the op-
a ezator's input; i.e., ij,,*Tlws following (111.75):

5 ~ . 4. di.,

2 0.3 0.2 = +,e 2,5

~ LATRAL ONTRO -- - Were the data were noirmalized as beforc by

-,op

o. - It is also possible to pint trt spectrum of the

Figue 11. F80A ~ r-rcmnant assuming that all of the remnant is due to
non-steady behavior as discussed in Section 1ll, sub-
section 5-d of this report by using Equation (111-92)

_______ ii which defines the non-stead y remnant autocorrelation

Fiue11 1AReninant Due to Noni-Steady ~C
Describing Function,.AIr

Since the hand computations involved in transforming the spectral densities (k.) nw'I',,(aA- tn
,sutocorielatiorns, and then obtaining the Fourier transform Of 016C 'fl2'. to zbtain '~pr)were long and
trdiuu only nne sample computation lot %hAH(ra) was made. Figure 113 is 'I'AA(Q) which represents an Average

for all pilots fot 2 rads/sec, kind fof d= 0.3 inches rms for lateral control and 4 -0.2 inches Ems for longitu---
dinal control. The units of the spectral density are arbitrary, and the scale is arithmetic rather than in db since
zeros occur in the spectral density values. Figure 113 presents a general shape which is typical of the other in-
put conditionr ns con be inferred by examining the form of the curves on Figures 109, 110, 116, and 117. The scale
units of Figure 113 are arbitrary , although consistent for longitudinal versus lateral comparisons. TIhe significant
feature of 113 , however, is the curve shape rather thar the magnitudes of spectral density values.

it is appropriate to comment upon the application of the waritius femnnant ,nodels to the 17-80A dat3. In most cases
this is difficult because erk. Im;tPA f-nn- range - --- mca---nemnt "-;:ij -o a aot coincide with fre-
quency ranges in which the remnant forms ate varying in any exciting ways. In addition the p values upon which
the remnant values are based are suspect, and the averaging process has obliterated much of the fine detsil in the
data, Some of the rApid fluctuations in individual measurements may have meaning, but the variability is so great
that it is impossible to deceimine othet than grossly smoothed trends. Most Important of all, thie effects of the ex-
treme controtled element characteristics tends to override most others, such as the influence of forcing function
amplitude and bandwidth. Since we are hemmed in by these factors, about all that can be done is to search for
trends that may either be consistent or inconsistent with the other data sources. The net result of such an exami-

nation, considering the application of both the previously considered "nonsteady operator" and "output noise'"
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Figure 114. Averaged vi~cf src-ctua. Laterl' (oiitr-.
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CODE ok j n

.. . . .A 1 0.2 32
a 1 0.5 37

DC 2 0.2 44
D 2 0.5 49
E 2 0.8 2
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G 4 0.5 6

-5-C
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Figure 115, Averaged Error Spectra, Longitudinal Control.
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Figurc 116. Avra ed Forcing Function
Spectra, Lateral Control.
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Figure 117. Averaged Forcing Function

Spectra, Longitudinal Control. .
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models, can be summed up In the negative statement that the F-8OA data is not inc onsistent with these remnant

"explacarions"l. Thc possibility of a uimiple "IipuA inise" irjicdgi0 model Pilmilalt 0hCwhke ajqpui

tion which had some limited value for Elkind'a dAtm, is largeiy ruled our for FS0A data. ..

A stzAightforward method for evaluating a tracking system is e

spec te.m. Out measurements of the describing functions have enabled us to tell how the PH

ling his aicraft, but they do not tell us how well, in an rms error sense, the pilot is taclking. To compute such A .-"-

measure we need both the describing function data, the input forcing function and the closed loop noise, I.. e 71

can, however, measure the error spectral density directly, and this has been done and averaged over all pilots. In

Figures 114 and 1i) we present the error specra Iuf idzwath and elevation control. hu. nrdinates are db converted

from 04 expressed in units of inches 2/rad/sec, measured on the pilot's oscilloscope. It is difficult to obtain rms

CiMW. fOL these data since we c.innot be sure how the curves extrapolate to zero. it is instructive to compare these

spectra with the averaged input spectra shown on F.,gures i0 and 16. As bfore, -.he undeflying units of the

ordinate scale are inches2/radinn/second. Since the filters used to shape Oi, were known, the zero frequency

asymptotes are known, hence the Figures, 115 and 116 were used to obtain rms valuer for the forcing function
I.jklr using rhc rclanion:

The rms magnitudes ate appcoxituately equal over input bandwidths, and the derived values in inches rms for the

low, medium and high magnitudes in azimuth, or loagiudinal control, and elevation, or Isteral comrol, are:

Low Mediam Higb

Aileron ............. 0.25 0.81 1.0

Elevadon ........... 0.18 0.48 0.80

!R can be noted from Figans 113 through 116 that the errot spectrum is not proportional to the input

spectrum since the spread betw.een ! -.- mdium, And high input magnitudes is compressed considerably in the

error specuurum. A uecond obvious poin is that thc =ror spectrum is always higher than the corresponding input

spectrum. This toate of affairs might Fr=pt the remark that the airplane would do better without the pilot at-

tempting to fly iti This remark, of comse, ignores the fact that the pilot is stabilizing and directing; that is,

rlying me aircraft, &no Lue erro , pVC.Uu.s. , .s... u n

i
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I Section VIIU7
I ~THE YARIABIL11Y OF DESCRIBING FUN4CTION4 DATA .

* ~A. INTRMDICTIQN - -

Ope of the first questions that arises in an attempt to apply measured-describing functions for humon-
operators is the extent to which a specified function appi es; to the problem at hand. In Sections V aind VI -we in'-

I di cated how the dynamic response of the human operator adaptcd itself to the demands of the forcing function inpiut
* to the control system as well as to the constraints imposcd by die dynamics of the controlled element. In addition.

we presented a brief discussion of the sampling variability to be expected in desciibiung function estimates together
* With illuat~imiou of measurement wariability for individual subjects tracking with a controlled clement (Figurtes 96
*through 99). Therf- Rri man~y Jdition~tl ;n-c +- might be exp ected to increarr the variabiivy of :,r estl-
I mates, and we will attempt to discuss sonme of them in this section. Several of the influences which immediately

come to mind are:

(a) Variations in the describing function over time intervals which are long with resapect' to nip length
1. chpnoes due to fatigir or satiation

If. changes due to practice
Ill. changes due to motivational factors
lv. length of time interval over which data were examined
v. "set" to respond and instrictions

.1 (b) Vaitions in the describing function due to differences among subjects
* 1. level of skill attained by the subject as limited by physiological fac~tS

Hi. see a-i, a-ii, and a-iii.

IIl. changes in physiological state due to drugs
(c) Variations in thc describing function due to a dilution of the operator's best efforts

& I. conflicting demands competing for either visual or manual attention
if. manual crncumberances such as pressure suits.

The foregoing listing could easily be extended and expanded, but since we will only be able to present
empirical evidence for a few of the possibilities outlined, further coniertural detail is not valuable at the moment.

B. VARIABILITY IN SIMPLE MAN GENERATED TIME SERIES

Since the describing functions in -which we are interested derive from spectral density and cross-spectral
density nmeasurcs of time series generated by human operators in closed loop eye-hand control tasks, it is of interest
to determine whether there exist measures of dhe variability of either the visual sensor or of the manual effector con-
sidered either separately or in tasks peripherally relate to trartking problems. It would be unrealistic at this aragc
to expect a simple relationship much that, for example, certain types of variabiility could be specifically associated
with end oritan, central Drocesses. or the neurn-musculak, mustem ,nF i%e rrap-I,.r. (In a serlse, we are implying the pos-
sibility of measuring and ass-igning va.iubility to the various internal human operator components, much as we at-
tempted to analyze dead time in human control behavior in Section IV.) Ye can, though perhaps naively, hope for
the attractive possibility of such an eventual development, We shall present two examples of experimentation in
this direction. Irirst we will discus.- mea3turemenrs .. 0d .1- ; -

As part of a general investigation of the electroencephalographic correlates of "stare of consciousness"
carried out at the Franklin Institute 1541, spectral densities were comruted from the voltages generated in the
visual cortex for six subjects. In addition, cross-spectral densities were computed of the so-called visual forcing
fun~iion (created by a strobt lamp of duty cycle varying from 2 to 22 cycles per second dtpendling on the experi-
ment) and the evoked or driven electroeacephalographic voltages measured on the scalp area above the visual cor-
tex. The spectra, measured from two to three minute runs, were- chatacteri sod by approximately 100 &-grees of
freedom in the Tukey sense, and consequently it was possible to make significant discriminations of measured ef-
fects, Findings peripherally related to tracking can be summarized as follows:
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(a) The visual process measured by the spectra computed from visual cortex voltages was significantly Ndifferent from individual to individual. '

(h) Drugs such- as epinephine sl mew=gi, _and rial ordet-anpops!bIe. Wigfare i'e experimental - ..

AL situatlon,had significuandy differcnit effWcts from qbjvt to subject.
(C) Croispectral density measures between visual input and evultd xsponse indicated that the timeii-

-lag between -the fundamental of- the-visual forcing functionand-the fidamental of respon__Q1ied--_f _ -
- the visual cortes was generally within the range of .035 ro .07 seconds which war. stated to bc the

latency of the visual process in Section IV. The time lag measured from the cross-spectra decreased
as die visual input frequency increased. This effect is consistent with our remarks in Section IV since
the higher flash rates may be considered to produce stimulus of higher energy content by dint of the in-
tegrative action of the visual process.

The foregoing findings arc not capable of extensive generalization because of both the casual experi-
mental design employed, wad die small nu,bef of, s ..ect..-tudi. "e data are sml!ring, however, rnd we pre-
sent them in this light.

It is difficult to find data pertinent to the variability of time series associated with the various internal
compunents of the human tracking mechanism. The next step in comple.ity, as we approach studies devoted tu
closed loop tracking tasks, is urovided by Aoclzon's study of individual differences in the performance of routine
repetitive tasks [1]. Abelson refers to some conversational remarks by Dr. Shewhart to the effect that from his own
observations it is virtually impossible to find a series of repetitive human performances which is "in control". By
"in control" is meant that mea surements on successive outputs are independent, and thor these individual measure-

meats are normally distributed with a fixed predetermined variance. In other words "in control" refers to a stationary
time scuica for which the spectrum is Ount out to some limiting measurement Varion human decision and judgment
prcc. - , -,ch hav' Lceen shown to be desctibible by n Markoff process, would thus b- ""kt of control", and
w-culd corroborate .hcwharr'c position 1901. Ak,'ln' 'r., aq dirrerpd toward specifving this unusual "out of
control" behavior, and atrempting to relate individual differences to this behavior.

The sample of behavior examined was the task of jabbing a stylus at a target, a sort of open loop dis-

crete tracking problem. "his choice of task was made for the following rea.ons, timong others:

(a) It is desirable to mrnintize ktaiing aad fatiguc factors since they tend to make the time series
non-stationary.
(b) The observations should be easily measured and the task production rate shouid be high.
(e) The goal of the perceptupl-inotor task should be kept constant, for otherwise the results muy be
dependent on the manner in which the goal chantes. le task sho ld not, however, be so simple that
performance variability is negiigibie.

In the experimental procedure the subject stood alongside a table on which a box was placed. A square
of paper on the box served as a target area, aid the extent to which this target was defined was one rif the experi-
mental variables. Under the target, a typewriter ribbon backed metal sheet served to record the subjects jabs on a
tape which moved at a constant rate across the length of the box. To minimize the effect of the subject being in-
fluenced by the knowledge of where his previous jabs had landed, the target papers were covered with a large num-
ber of indentations prior to die experiment. The stylus was held so that the top touched a backstop placed fifteen
inches above the target area. When in this position the point of the sylu3 was eight inches from the target area.
The subject set his own jabbing rate, lifting the stylus so that it made contact with the backstop after each jab, -

and continuing until he had proiaced 1UU labs for each of five task variations. -M" tosk vaiatioua, waida waw
aiiaor redefinitio,,a of the target area, are of little interest for our purposes. Thirty-three subjects were used and
fifteen of them were retested on the same tasks one month later.

The time series so generated were converted to spectra, it,, after appropriate smoothing, and for each
subject, each task, and lag values of p = 0, 1, 2,3,4,7,12, 17 iabi the ratios of the spectra

'test
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were computed. According to Tukey [81], if the true population value of 'I, is q then

is tjZLtbutCd as y 2 
with I degrees of freedom where:

2(NUMBER OF OSSESIVATwiC4 IN THE TIME SERIES) 2N
- NUBuER OF LAG COVARIANCES COMPUTED m

for a reasonably flat spectrum. There is a loss in degrees of freedom as the spectrum departs from flatness.

Under a null hypoilhesis of no difference between test and retest and with a selected significance level
of 20% (X2/1 is approximately distributed as F. where / = nt and n is very large, and a two tailed F list with 10% on
each tail was used), 33% of the ratios were significant. This is considerably higher than the expected 20%. An an-
alysis of variance further demonstrated that the task and subject task ifteiCEtiun vafincez were not significalit.
°lhus individual differences were the major causes of significant difference. It turned out that the variance, u2, the
proportion of low frequency components in the spectrum, and jab qpned, were part.r I_,r! g" ;.,;,e , F , nd;iiduL'
differences. Jab rate, of course, is not a measure d'otivcd from the spectra.

In an effort to relate these patterns of individual difference to personaliry variables a corrclation of
sorts was obtained with the following factors:

(a) Degree of persistence of perceptual fucus (i.e., ,.*ei of attention).

(6) Manual dexterity.
(c) Degree of emotional commitment to task situation.

These personality fhctors are pertinent to closed loop tracking as well, and it can be been that they
reflect some of our a priori notions of sources of individual variability.

The only summary statements that we can make about the two foregoing studies are that:

(a) They leave much to be desired in our unrealistic hope of being able to apply a "system reliability"
approach to a human control system.
(b) Both tasks demonstrated relatively high differences between the performances of individuals.

It is of interest to wonder whether the preceding studies did not favor high individual differences by
dint of their free structures, since behavior was neither constrained by a mechanism nor oriented by a rigid task
goal. The fact that this freedom of artion resulted in individual differences is something which we could have ex-
pecred with all the wisdom inherent in hindsight.

C. VARIABILITY IN TRACKING TASKS WITHOUT DYNAMICS

In the introduction to this section we mentioned several of the possible sources of contaminating vari-
ability in describing function measurements. As implied in our treatment of the previous subsection, the variability
of describing functions has the same origin as variability associated with other time series measurements of human

ments into describing functions or other useful functions. 'he argument that these variabilities are related does
not, of course, make any provision for predicting how variability will manifest itself in describing function data.
Therefore, wherever possible, we prefer to examine describing function data directly. Much of the carly and peri-
pheral research, however, was piesented in terms of power s-,ctra or magnitudes only of describing functions, and
we will present some of these more primitive data in order to make our development more comprehensive.

Although all of the early experimenters who used spectral analysis techniques to characterize human
operators in tracking tasks were aware of the basic -sumption (i.e., that the time series generated by the tracker
were stationary), very few attempts werE made to study this assumption in any aetail. In general, the experimenter
made a small cumber of measurements which satistied him that the process was time stationary, and he then pro-

_7t*-e _., e fcct.5 uf utler variabies. As a rule a run duration of from half-a-minute to four minutes was
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E selected as providing a stationary sample of behavior, There is, however, a refaimuce to wQ* pirfond A~ht .

University of Indiana E51, by Denepe, N'acasimhan and Ellaon, which Is a rather comhplete study o6f rn4torxw- vai*
ability int human tracking performance. The Indiana experiments examiped the, speetrsi deoaity Pxag;KpS errori

one dituenaienal passnie tracking situaton.0 The visual display% caisted of I inch i&'61ih iaiV
Stay panel. The baclcarotand-of the opening -was an evenly iluiae-ht~opr-i- pw~ k-11
poinhtars. -The upper pointer was drtiven by a target generator which waa used to produce two. ioring fin rinf ---
interest to us: i#t) =2 sin -v),the simple input, and ex2 (r)-,-o~ inre-
The maximum horikeontal excursion was set at 4 in. fur both inputs, and the maximum-horizontal excuraion of-the sub-!
ject's control pointer was six inches. The difference between the control and forcing functi-on siigna-ls -was fed lto a
Brush recorder. Spectral densities of On were obtained by sampling the recorded error function twelve times a
second for 2 totil of 450 sal-plcs, computing auoorltosfor 650 lpgq, ni then romplitine the Fourier transfonms
of these aurocorrelations. sincc Clo wientiort is made of any smoothing either on the autocorrelation or the spectral
density, we must assume none was done. As Wiener points out [Ref. 9)3, pp. 36-431 the smoothness of the spectral
density 41(w) is related to Elie value of th1 Muoorlto ..r ~rhg values of r, thus one can% sne that formal

trnfrmation of an autocorrelation of 60 lags may produce spurious spectrldniydri u rpsil an
putation noise and other inaccuracies at the high values of r. Secondly, raw spectral estimates. as lukey points
out, are not as accurate estimates of the process under mensurcmnit as properly smoothed estimates. As a con-
sequence we have smoothed the Indiana spectra in an effort to obtain better estimates than those presented in Ref. 5.
The smo3othing formula used was:

where 'IDgg are raw, or unsmoothed, spectra and 4Dj is at smoothed xpectrum.

T'hr firstr data we will diSCUSs- Were generated by 16 sulbjccts after nine practice Lrials using the simple
forcing function input. Two adjacent 450 point, (37.5 second) samples were taken from each record and the corn-
putcd spectra werea presented in Ref. 5. In order to determine whether the test-retest comparisons for the subjects
were significant, we smoothed the spectra and computed the ratios Of tDEE test to 41EE retest for Elhe first beven

"zc~ n the spectrum, which covered an 8 rad/sec bandwidth. The data presented actually extended to 34 radians,
butt there was clearly no need to examine the data beyond the bandwidth we selected. The number of degrees of
freedon vere!

2N 2x450 =15.
m 60-

Each ratio was distributed as x'/15 aid it was thus possilble to makc a test vi (lie signOfkance Df a- iest-reteqf
rempnrison for each of the seven spect-tal compnnents and sixteen subjects. Using a significance level of I0M
i.e., a two tailed X2 of 5% on car-h tail, 10 of the 112 ratios were significant. This is, of course, what would be
expected onl the basis of chance and indicates that there is no reason tu 1beiieve from thit data ivaiiabic that tie
individuial trackers were nor behaving in a stattionary faghion, or that there were differences between subjects in
their "deltree of stationarity".

A simila: -xperiment was conducted using the complex forcing function input. Again, we smoothed the
raw test and retest spectra, and examined the test-retest ratios for significance. A bandwidth of 9.2 radissiu'second
including 8 points pct subject was examined. Again, examining ratios at the 10% level of significance, 2'-- n'.f

b~ ratios were signi :.ar% However. ,ji of thesc bignifiL iii. aiuii~le.%w were cu: 0and 1J, so
we have a clear individual difference effect. We can then conclude that the human operator is time stationary over
the 37.5 second samples, and that individual differences are more important as the task increase~s in difficulty. in
Figure 118 we have plotted test mid retest apectra averaged over the sixteen subjects [-.z the simple complex inputs.
The line spectra represent the difference between the two inputs on an arbitrary &~ scalc.

'As a rule. in this, report re hir~e diacussed coinpensilrary tracking teprately from pursuit rtacking, Further itni in Seiion
XI we will discues pursuit clacking in detail. It was felt, however, that the Indians data were primarily of interest because of
thle variability they studied rather than as ezamples of pursuit tracking, and therefore they are presented in this section.
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(Reference 5, Tables V, V1, X1II, XIV)

A 'Y' test was used to determine those differences for both bimple and complex inputs: between test

and retest averages for (DEr which were significant at the 0. 1 level. The number of significant differences, which
was onec for the simplc and one for the complex input, did not exceed the number to be expected by chance alone,
The foreiroing, together with the fact that the ratio u+19 /4)z for the IDES[ valuesq averaged over subjects for each
measurement frequency was usually Va or greater, indica;tes that a large residual variance due to differences betweeni

r subjects made our measurements incapable of resolving any detailed differentces between means over subjects.

~It is of further interest to note that the compari.son of the averaged error spectra between simple and
i complex iputs indicates that the only difference between them is a constant increase of 2 of 3 dh in error power.

There is no manifestation in the error speecum nf the different spectral conrent of the two input signals. In order
to determine whether variability increased with task compiezity, an F test was p~erformed on the variances about
41 for simple and for complex inputs. For the test: 7E~op.a> k7+1,lilia at the 0.05 level one would expect

about one chance inequality out of our 14 comparisons. Actually, 3 our of 14 inequalities were significant at the
0.05 level in the predicted direction. All the other variance comparisons were not significant. This finding indi-
cates an interaction betwe.-r task complexity and variability between subjects.

Tht foeaodinq interpiretation ef the Indiana data is not r:he same as that exorer-zed ;n keferenre S.

In a series of small scale experimenis at the Franklin Institute [49, 50, 51] efforts were made to examine
certain aspects of the causes of variability in the spectra of cracking time series. A one dimensional compensatory _
cracker was used for which the display was a cathode ray oscilloscope mounted 28" from the subjects eves. A pip
on the CRO executed discrete left and right steps in a fixed horizontal line on the CRO face. The subjects task
was to center this spot on a vertical fiducial line using a sp~ring restrained joy stick which had essentially no dy-
namic nflitence in the r.egion of the operator's bandwidth. The programming apparatus for the forcing function was
design.e', To produce sA".Me r ises of durations which could vary in eight discrete steps from 0.25 to 1.911 --cconds.
A program was devised so that a total of 20 pulse durations were selected from a Poisson distributtion of zero cross-
ings such that the average pulse duration was 0.75 seconds, whereas the pulse amplitudes were selected from a

G ._ _ d.s~.:-_,;., d ,. , amplitude of one centimet and standard d~evilstiun 0.25 u~n. Titte pulsen were pre-
sented alternately left and rih.Te measured spectrum f-: this forcing function is presented in Figure 1l9a
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together with a plo t of the asymptotic value of this input spectrum. The experiment in which we are interested at-
tempted to determine the effect of inatructions on the describing function of the huMan tracker. Unfortunately only
the magnitudes 1YI =C I/ II were computed. .--

Two male -ubjects SI a.d S2 were used; Si was a retired military man ho had at !A thi_. years of -
flying experience, and S2 was a male non-pilot in his earAm twenties..The sa_ ieporm of. r -lg-s' -pre-

senrted to each subject, and each subject was given intensive training in the tracking problem. On rhe fif,-Afy- of -

the experiment Si was instructed as follows: "It is of crucial importance-to this study ihat youpa iy-arefuil atten-
tion to these instructions. Return the pip to the vertical line as accurately as you can." On the same day S2 was
given instructions which differed from the foregoing only in that the word "':apidly" was substituted for the word
"'accuui.ely". Priot to recording the three time functions, i(t), c(t), e(t) for each subject, the subjects received a
familiarization trainig of a few minutes with the tracker. Following this session, the subjects underwent four train-
ing sessions of five minutes each, separated by intervals of about one hour. During these sessions each subject
repeatedly tracked the same program under his particular instructions, which were repeated at the onset of each
training period. An hoar after the last training session the subject was once again given the appronriate instructions
and presented a succession of five 20-step programs each of which was about 15 seconds long. The signals i(f),
c(t), r',O) were recorded for the last two of these programs, and these recorded signals were considered to be repre-
sentative of a trained subject.

On the second day of the experiment the same procedure was adhered to except that Si was insutucted
to track for speed and S2 was instructed to track for accuracy,

The results of this experiment are shown on Figure 119b. The two accuracy runs rnd the speed run for
S1 provide describing function magnitudes, the differences between which are not detectable, but the speed run for
S2 was significAtly differrat from the other three runs. fforts were m'd. to fit the data on Fi.uw 119b using the
conventional form of Equation (VI-26):

Kc. "(T s 1)
YP - zs +- 1 '

Of course, we can't put much faith in such a construction of Yp based on the amplitude response alone. It was pos-
sible to estimate r from time records of previous data in this experiment as 0.25 to 0.3 seconds. It is interesting ru
examine the fits for insights into the meaning of "speed" and "accuracy." For S2 "speed" meant:

a. higher dc gain
b. a shorter integration time for his smoothing action implied in the lag term
in ij.

On the other hand "accuracy" meant:
a. lower dc gain
b. a smioothing tione constant triple what it was for speed tracking
a. the same lead time constant.

This is an eminently reasonable interpretation of the instructions! Si, however, provIoCes .! PQooem since t,
and "accuracy" runs are not different. We are confronted with both inividufr attrerences in perionnmncc, w i.u..
be based on the order of performing the task, on the interpretation of the instruction, c; perhaps a difference in per-
formance capabilities. The main point of this little experiment is that a subject can change his manner of response
due to instructions. It is of added interest to note the lack of individual differences when hoth subjects interprcted
"accurately" the sarne way.

Russell was the first experimenter to study sources of variability in their effect on the Complea desclib-
ing hinction. We will discuss only f;* examination of the effects of instruction and of physiological changes in the 2
tracker. Using the apparatus we described in Section V in a task for which V, = 1, Russell asked a subject to try
haidtand l to try very h.:d, ai;t. obtaining his describing function for normas' effort, On Figure i2UO we present
Bode plots of these dat , together 'ih mimple fiet to these plots. There in little difference between "harder" and
"very hard," and it appears that asking for inrr'amed effort was interpreted by this particular subject as meaning

a. increase dc gain
b. decrease lead
c. maintain about the same smoothing time constant.
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There ate other means of changing the describing function the tracker selects for a given problem besides changes
in his instructions. His physiological characteristics could be changed by stimulants or dep.oogm.. -P4RRsleJ
chose to examine the effects of a depressant ingested in two ouace, 91 proof, units. The stbjecTmade icifB-Qt . 4
five, 4-minute tracking rns over a two hour perlod, starting so4er, and consuming two.ouncesof-p of f 0- .whig h" k !---
after each run. Ai the end of this period the subject could walk satisfactorily, b_%t wit t L d - Ainwet . -ould-
have ben inadvisable to drive a car. On Figure 121 we see the-befere-and after results o-h
We note that the subject's gain decreases and that his ability to generate lead deterioraes-ten-fo!d. :-The implica- - -

tions for future research are clear. It should be possible to design automobiles so that their effective controlled
element could compensate for the drunken driver's deficiencies. Thus a sensor on the dashboard operating on 'he
alcoholic concentration of the air could adjust the gain and phase of 4 so that good system pnrvfrm are- t h.t he
maintained despite the deterioration of Yp. Beiorc such a venture could be considered seriously, a large scale
measurement of the describing functions of the population of motorists would be needed. The prospects are intoii-
caring.

Elkind made a thorough study of both individual differences and tinme effects on describing functions
in the following experiment performed with his apparatus previously described in .ection V.

A described in [231:

Thrce subjects tracked it a compensatory system four identical groups of input zignals, each group
containing three members. These subjects ibud pieviously trained by tracking thirty 4 minute runs over a period of
a week. "The time that elapsed between presentations of the groups was the chief variable, being one hour, 4 hours
and 4 days. The interval between presentations of the individual of a group was only a few minutes. This prove-
dure made it possible to examine both long-time and short-time variations in the operator's characteristics. The
input had a rectang,,hr specifrirn with ',irnft frequency of 0.64 c:ps and I i,,ch fto-mran-sr,re" amplitude. The

three input signals of a group were identical in ell ftepects.

Figures 122 and 123 present part of the results of this experiment. Figure 122 war obtained by aver-
aging over subjects and over the three replications in each group. Therefore each point represents, save for one
minor exception, the average of 9 quantities. The long-time variations in subject performance are givel. by thr ,di!-
ferences in the group means in Figure 122. In Figure 123 the averages a'e over replications and groups and the
differences are due to variations among subject means. The standard deviations fro, thrt nmagnitude and phase are
shown on Figures 122 and 123 about the means for the quantity at the following frequencies 0.08, 0.32, and 0.60
cycles/sern.d. Inspection of the Figures 122 and 13 indicates that th- differences between the averages are small.
The standard devinat.- -,, -np4-id,e ;- . ,: 2 ... -h mean, and dhe tandard deviation in phase is about 3' .

Analyses of variance were performed on the real and imaginary parts of the closed loop describing function 1(, and
at the three frequencies for which the standard deviutions were shown. There were no significant differences at the

0.01 level for the compensatory runs. At the 0.05 level of significance the differences among subjects at 0.08 cpa
Pnd 0.32 cps for the imaginary part of H were signifi,:ant, and three subjects and group interactions were significant.
The interactions of subjects and groups could be an artefact due to equipment inaccuracies since each group of ns
was performed as a unit. Assuming such inaccuracies were random, they could cause the 3 significant interactions
found between subjects and groups. The two significant subject mean differences would be expected by chan,:e foe
54 F ratios at a significance level of 0.05. It is important to note that the lack of significant differences does not
result from a large residual variance attributable to experimental variables which could obscure large variations in
operator characteristics. The fact that the individual standard deviations in Figures 122 to 123 are small indicates
that the re ituaI1e . . ,-- E-I0.'e d_17. po vidc f-iii aigu.n:,oi ugainsc the importance or either time
variation betwcau runs or differences among trained subjects for simple tracking tasks.

As an interesting aside to the main line of his study, Elkind demonstrated the hunan operator's ability J
to vary his tracking parameters as a function of instructions or set to respond. One subject, in a different series of
(ests from the one just described, believed that he could improve his pursuit traceking of input F-I (see Fig. 27) if he
were to consciously attempt to smooth out his high frequency output. Input F-I is phenomenally a low frequency ran-
dom signal with a superimposed high frequency noise. This subject tracked F-1 using two different tactics: his nor-
m mode in which he attcmptcd to follow all the input fluctuating, and a filtered mode in which he concentrated on
the !nw frequency components and attempted to suppress the highs. Closed loop describing functions were computed
and these showed a very slight increase in low frequency gain at the expense of a phase retardation of Pbour 40"
e .c.n the innut nional' hrndidrh. The mean square errors for both tactics were essentially equal, but were
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Y, + I this situation inight not have obtained. The comparison provides added evidence that the operator's set to .

his time constants.

The studies in this sub-section have demonstrated that variability, in tracking tasks without controlled
element dynamics, is dependent on both the task and the degree of subject training. Both the Elkind and Indiana

dato point thib up. lluwevet, in both cases, the imposition of a well defined task goal appcars to diminish the
variability among subjects as compared with a simple tapping task. For example, compare the chance level of
sig,,ti..ant ndividmls rest to retest ratios of spectra for the Indiana dta with the well above chance level tor the

.; ... u o., &z appear to be any significant amount of variability
assignable to time effects in simple tracking tasks. The parameters of the human describing function are functions
of instructions and the physiological condition of the tracker.
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. VARIABILITY IN COMPENSATORY TRACKING SYSTEMS WITH DYNAMICS

The dat. on variability in control systems with dynamics are not as well defined as the Elkind data

presented in the preccJing sub-section. This unfortunate circumstance is due to the large amount of residual vari.
ability associated with the presently availahle measurements. In Section VI, Figtaes 9 v -9L. ,n-4 9-9 "0

, .

have previously presented data which indicate the extent of variability both within and among subjects. However,

as we cautioned at the time, there were many confounding effects astuciated with the averapes such as, amplitude,

time order effects and measuremenr fallil ity. We arc, therefore, reluctanr en attempt to draw any strong conclusions
from these data.

It is, however, of some interest to present some data taken from one subject in an experiment which

attempted to determ., the effects ol "tracking fatigue". The procedure was as toilows. I he subject, a traned
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Air Force jet pilot, had tracked 50 or 60 rins in the Franklin F-80 simulator over a period of six hours with various
forcing function band widths and gins amplitudes. The experimental problem wris to track continuously for ten min-
utes for each of several input forcing functions. Adequate rest periods were used between these ten Miut-bnrt-a. - ,
During the course of this continuous tracking tw, milaure saainlc Qi ti pilot's describing function data-wcji Xv.
corded. We have reproduced the rcsults of the first and last two minute intervals for a forcing function cutoff fre-
quency of 2 radians. Figures 124 a. b. c, d are for an rms forcing function i-fiplitude of 0.3 inh6es on the CRO face,

- and Figures 123ab, c. and d ate for an rms amplitude of 0,8 inches. Although this experiment was performed on-
other subjects, much data had to be discarded due to computation difficulties, so too few first and last run pairs
were available to umake averaging over subjects meaningful. In as far as subject P-6's de-scribing functions and p
measures are typical of the sample of pilots studied, Fiugre, P4 . . d 125 -.re represema-tit.c' of "tracking fa-i ,
effects on YP and on relative %N, and 4l6.

k wit ' . ocdd,,- ws r.6 ., , a ateim p wi, ad., to fit v lorogi , ,dna - '.. l coup in either Figures 124b
or 125b. The reason for this is not thea we didn't try; we just weren't successful with any simple fit to the data.
Furthermore, although the data points are presented up to 4.8 radian/second. the reader should not put much weight
on data beyond 4 radian/second. [xcept for the differences in error spectra between first and last runs ter the 0.3
inch rns amplitudre forcing function, which are har.-ly nignificanrt for a few fr.oitenry hands at rhe 0.1 level, and a
few differences in Yp, there is no strong effect due to "tracking fatigue". The two different fits to the Y darai in
Figure 125a at.- not based on firm statistical ground, nd their weak reason for being is a search for trends. The
conclusion to be J3rawn from these data is that our measures were not sufficiently sensitive to discriminate "track-
ing fatigue", or that such an effect dues not cvcur jot the counditions we utudied.

It is of interest to cxamine the data summarized in Figures 96 through 99, and Figures 104 through 107.
One can compute the variances associated with the computed quantities Y,I, LY, and p for each of the six pilots,
and then determine whether Llic demand. of the tracking tank, an indicated by wc. and the mode of control, influences
the qi; of rh:' variarne for th, vpriaim .],,rr;, 0 n, n, ight esperr rbhat, J5 rh, ta-- 'om-' ore 4.', aning, the
rtnpe of ,o'Eibl!' V "v' avilable to the pilot would become more restricted since f ic, to gcnerate th- pnopcr Y's

means the pilot-aircraft combination is cfiectively "dead". Consequently, a dcrcastc in Yp variance might be ex-
pel#ted as to,, succes.ivwly assumes the values 1, 2, ani 4 radins/second. Since lateral control is more demauding
than longitudinal control, one would further expect that this hypothesized trend would be mute pronounced in lateral
control. There is, however, no such influence toward greater uniformity operating on p. In fact, one might argue
that as the task became more demanding p, which is characteristic of individual behavior unrestricted by controlled
element constraints, might show increased dispersion.

For each of six pilots, the variances for I1YI, ZY, and p for longitudinal and lateral control and for
each of the 6 measured frequency bands were compated for a., I and 7. An 1; test was applied to variance ration
which differed only with respett to the forcing function input baudwidth. Table 11 presents results of a two sided
F test at the 0.10 level of sisnificance for IYL IY.. anti o for variance ratios not eoual to u- T. ,
-qua'.Iy hypothr.it, in either direction, is significaat at the 0.05 level.

In Table 11 the notation 2>1 means r2,-=2> a at the 0.05 level. We can make the following
inferenc.s from Table 11, which describes Yp variances.

(a) There are strong individual difference trends which are not comin-- . ..

(b The fraction of lYpl table entries for which 2>1 is 0.055, and for 1>2 this fraction is 0.155.
A ,. mio nf ().fI wn,,Wd h, pv teTd hy 'han,'. f.11 .,. Ih !e, , .. ,.,

(c) The fraction of ZYP table entries for which 2>1 is 0.083, and for 1>2 this fraction is 0.22.
As before 0.05 would be expected by chance for each individual fraction.

(t) The control mode does not appear to have much effect.

In Table 11 we also prcscnt the sig&.ifi-ant va.riance inequalities for p. Here we note-

(a) There ate strong individual differences.

(b) There is no strong effect due to control mode.
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Table 11. Significant Variance lnequaalities for Six Pilots.

SI YPL PYP pCOI OMROL
PILOT U ,, (,a ad/sec) W (k,,,) w (rad,".c)

0.6 1.2 1.8 2.4 3.0 .6 0.6 1.2 1.8 2.4 3.0 3.6 0.6 1.2 t.8 2.4 3.0 3-6

LONGITUDINAL .... .... .... .... 1>2 .... .... .... 1>2 1>2 1>2 1-2 .... .... .... .... .... .... ....
LATERAL ............ .... .... .... .... .... .... .... 1>2 1>2 .... .... 2>I .... 2>1 ............

LONGITUDINAL .... .... .... .... .... ..... ..... .... .... 1>2 .... 2> . ............. .. ..
LATERAL ............ .... .... .... .... 1>2 2>1 2>1 2)1 1>2 1>2 2>1 .... .... 2>1 .... .... .... ....

LONGITUDINAL .... .... 2>1 .... .... .... .... .... 1>2 .... .... .... 2>1 .... 2>1 .... .... .... ....

LATERAL ............ .... .... .... .... 1>2 . . .... ... . ... . ... . ... . . ... . ... .. .... .... .... ....

LONGITUDINAL .... .... .... 1,2 .... .... .... 2.1 .... .... .... .... .... ............... .... 1>2LATERAL ......... ......... 1 2 1,2 .... 2>1 .... .... .... 1>2 1>2 ..... .... .... 2>1 2>1

LONGITUDINAL ..... ..... .... 1>2 1>2 .... .... . .... .... .... .... 1>2 1.2 .... 2>1 2>1 .... 2>1 2>1
LATERAL ............ .... .... .... 1>2 1,? .... 1,2 .... .... .... 1,2 .... .... 751 251 7A. 2"; 2:!

LONGITUDINAL ....................... 1>2 .... .... .... .... .... ..... .... .... .... ..... .... 1>2
LATERAL ........................................................ ... 2.l ......... 2>1 2>

Table 12. Significant Variance Inequalitics for Pilot Avcragcs.

COMPUTED CONTROL

VARIAILE MOnF, o.6 1.2 1.8 2.4 3.0 3.6

LONGITUDINAL .... ............ ............ 1>2, 1>4 1>2, 1>4 1>4, 1>2 ............

LATERAL .......... 4>1,4>2 4>1,4>2 1>2 1>2 1>2 4>1

LONGITUDINAL ................ 1>4, 1>2 1>2>4 1>2>4 1>4, 2>4 1>4, 2>4
.. LATERAL .......... ......... . ............ 1>2, 4>2 1>2, 1>4 ........... 1>4, 2>4

LONGITUDINAL ..... ............ 2 >1 ............ ........... ........ .. .. .... ..

LATERAL ...................... 4>i,2>i 4>1,2>1 4>1,2>1 2>1,2>4 4>1,2>!

(c) The fraction of p table entries for which 1>2 is 0.041 and for 2>1 this fraction is 0.26. As before
0.05 would be expe~ted by chance for each fiaction.

Thus the d .ection of trends i what we would have expected from our rather vague hypothesis.

In Tabl- &i we present significant variance inequalities, at the 0.05 level as before, for over-all aver-
ages for pilots. In avcrapina ,er pilots we can include t 4 runs, so that iequalities related to ok = 4 can be
presented in Table 12. From Table 12 we note that !he trends of Table 11 are maintained by the inclusion of
u-_ - 4. Seven of the variance inequaliities shown are in a ,iffzc,, dzcczion from what out hypothcis on the ef-
fects of ea,,, on variability would predict, but five of these inequalities would be expected on the basis of chance
alone.

C L u, ak the ,, , cv, .c , a r, vaiiability exhibited by human operator- in compensatory
tracking tasks with dynamics:
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-- (a) Time effects, be they over long or short intervals, are of relatively little importan'ie.

I (bW There are strong individual differences in the variance inequalities for di~ferent forcing fuanction

I bandwidths.
I -. (c) The. variability of the describing function, Y.~, appears to be -inversely proportional to "taisk demands".

I (d) The variability of the linear correlation, p, appcars to be directly proportional to "task dem~ands".
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Section VIII

NONLINEAR MODELS OF HUMAN OPERATORS IN COMPENSATORY TASKS 7

A, INTRODUCTION

From the preceeding sections the bases of a fairly reasonable linear theory of thehuin -n~ittor-can
be hypothesized from the limited data of various restricted experimc;nts. As r. intcd out in Sections V dfid'VI,ihc
operator in simple conti cus control tasks with visual inputs, nnd motion or force outputs, will act like a ncrvo
element having an input-output relationship of the forn'

C(iwu) *. V(iW; t)L.(iW) + (i, (Vill 1)

where N,(j) is a small remnant which doe" not include any tinie-virying or other "lin--.r" phenomena. An alternate
representation can be used where the remnant, now denoted Nc(je,), is considered to contain all the operator power
which is no: linearly coherent with the totcing function, i.e.,

C.'/, =-Y~jo) ~j .tN,(~o)(V11I- 2)

Y may be considered to be a describing function of an adaptive, optimalizing servo of relpt"i-ely restricted form. The
word "adaptive" refers to the operator's ability to adjust the forn of his describing function (within fairly well de-
fined limits mid as a function of input predictability) to one required for good low fU:equency response and marginal
high frequency stability of the operator-controlled element system. The word "opt izali zing" refers to his ability to
adjust suome of his describing function "constants", as functions of the forcing function and roatrolled element, to
values tending to optimize the systcm rcsponse.

The remnant term has been fairly well "exp laied" in previous sections as the result of either noise
iijected by the operator at his ohrti, or hix nonrneady behavioe. There ov!,nn--ions have largely ignored the slight
nonlineariries shown ra he b hy the data, and Airther, h.v. ,r.- ', e,,,'- which i- corrcct in the st.ltiStic.l
.c,sc rather than one deliberately designed to Five ; pntat-by-point m'tch of actual human and model output data. It
should also be emphasi.ed that horh models have really been derived in an attempt to match data rather than on a
completely a priori basis.

While the overall linear models are reasonably satisfying and usable, particularly for stability and over.
all performance studies, an equivalent nonlinear model would be of great value for detailed bystt reriponse predic-
tions and for studios including the uffects of nonlinear controls. Such a model should be consistent with the lincar
models, should help explain the remnant term, and should assist in better visualization of the mechanisms involved
in human response. just such noali..ear studies have been carried out by Mayne and Mtead and their associates at
Godyear Aifcraft wkh very interesting and instructive results.

basic approach in all of the Goodyear studies involved the use of analog computer elements to
simulate a pilot, actual pilots in various mockups, and an analog computer representatioa of the longitudinal or la-
teral dynamics of an airframe. Either the pilot or the "analog pilot" could be placed in control of the simulated
airframe at the cotion of the investigator. The "analog pilot" elements were varied until the airframe-"analog pilot" -:
responses to knowni cumplvx inputs wete very nimilar to those of the airframe-pilot combination. In many instances
d'.c analog pilot was such good simulation ti. i control by tac actual and analog pilots coudd be irterchanged for
fairly extended periods (30 sec or so) without the actunl pilot's knowledge.

The Goodyear studics utilized this fun.iamenta t approach in several types of experimental setups, en-
compassing such variations as .tationary and moving (pitching or rolling) mockups, different forcing functions, and
different artificial feel forces for the pilot. These studies shall be summarized in chronological order below.

B. GOODYEAR STATIONARY MOCKUP STUDY

In the first study, (Ref. 33) the pilot was seated in a stationary chair and operated a control stick pro-
vided with a simple spring feel. An oscilloscope resembling an artificial horizon was Lused to present an error signal
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to the pilot. This error aigaal war furmed by subtracting the pitch angle due to the pilots' elevator deflection ffum a
forcing function. The forcing function, i(t), was made up of four complex waves as shown in Figuro 126.

IlnThe autococlatiop functi,,, i:ru;sponding approximately to thij -J

(2orcing functioa is

R,,Itr) e-O-'Ttcos(0.35rrr) F -acos(.0,.-) (VIII-4)-

43)

(- r '- which Is equivalent tu a spectral density of

= 4j R(r) cos(Jr)dr

Figute 126. Forcing Function (a 12 +(G)A i el)2 + (fa n)V[aI+I(,

Used in First Goodyear Study. 2e a + 09W+ (Wanc)
2  !  

(VIII-4)J

Very roughly this is similar to that forcing function used in the Franklin Institute studies having a andpass of about
two rad/sec.

The simulated airframe portion of the controlled element transfer fLicuion iiu sed was ,-,1 ,,vlrvI to th.t of

a vcry well damped airframe pitching oscillation at a constant forward Su.d, with a pitch angle/elevator transfer
function* of

U 2.0(0.73s+ 1) 2.0 (0.73s + 1) __ 2.01.I 1)-s[O.24s ,is~ -~.i s(O.6s +l)(0.4s j.) "(Vll7f i}- 'I1)

1.67~ f2s.5 '
An additional portion of the coit--lied elepnr was a 40 inch qirnulat -l Aircr'd, ,-onir.l srjt] with 'riv-l Hiritn. of

. 18 dcgrees. Control feel was simulated by spring loading the stick to produce a spring gradient of 1.67 pounds!
degree. The dynamics of the stick system were presumably negligible rciativc to those of the airframc at the low
frequencies of intcrent.

The subjects for most of the tests considered here were drawn from a group of six military reservist
pilots. While all had fighter aircraft training, the piloting experience level included little jet aircraft time and that
was confined to the 1-33 trainer.

All of the subjects were allowed to practice for a time sufficient to develop a uniform and effective re-
sponse motion. This required just a few minutes for the pilot subjects. (One uon-pilot was also tested thoroughly,
-4uii ing about 20 hours of mockup practice before achieving a icvci of proficiency comparable to that of the pilots.)-

The actuial runn on individual pilat (luring which data wc~c taken lasted fur 30 mlinutCe.

In the portions of the study directly applicable to the process of obtaining a pilot analog., Goodyeua
servo engineers started by examining pilot input snd output daa a-- recorded ofaji u.,cic.gri'. " .

account what was known or suspected about the physiological makeup of the human controller, an analog computer
circuit was constructed which could yield output results similar to those obtained with actual operators in the same
situation. The differences between human and analog outputs for identical forcing functions were then used as clies
for refinement of the analog. The refinement process was carried on to the pnint where the pilot could not detect the
substitution, into the control loop, of the analog for himself for fairly long time periods of the order of a minute,

As a r-suit of preliminary tests with human ope.rators, it was decided that the analog pilot should in-
chide the following characteristics:

(1) R t* Judgment - To control adequately the longitudinal motions the pilot should utili2e the mitch error
and generate a lead; or alternately, should utilize signals proportional to both the pitch error and
the rate of change of pitch error. Viewed externally these two possibilities amount to the same

0 1.7 (0. 73, -1 +i) _

" In another part of the referenced report a ....ler function for the airframe of e - - [(0.24S)24 0.24 wa cited. The
one given above, however, was that set tip for the operator studies.
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eratos the lead equalization in the central nervous systerm. The second,-.for whiclhtliies ltffote -

(2) Reaction Tin* Delay - Since the forcing function is randozn-appeatring a reaction time delay, should al-
ways be present.

(4)Clmpnq- nc acoretin anmae hepilots tnetoclm"othsdeflection until the pitch

wasfoud tat los ageemnt as btanedbeteenanalog pilot response and actual pilot response, e."., H~go,,r

nonic crics aebe ae o xeinyi h eueg1te-lm"i elcib armpe litar osnce

computer wn diagram)

0ypically11 1.L25

'Ns I J 2

REACIONPILI RTE UDGM~r ATE LIMT9N

TIMEDELY DIPLAEMEN INIFFEENC



-4

qA Forcinc funtionfl Pitch Angle Due to Gumis

NOE PIUPW -neesr Moton.

Presumably du to mistakeanly
DOWN 'llu's Eevatr Delecton o the forcing function.'

DIVE1120Pitch Error Stimulus Displayed
to the Pilot an an Oscilloricope

DIVE Ir.Ptch Error Signal Fe.d

0 1.0 2.0 3.0 4.0 5.0 6.0
TINE (see)

Figure 127. Record of forcing Function and Responses from Both a Pilot and the Analog FiluL of F~g= 128.
(Reference .33)
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From the frm of Eq. (VIII-7) it is appkteat that a great deal of similarity exists between this lineat s oproattoo
and the -ine*-models advated in Section VI far similar taslta. This haesaiztd approximatoa is plotted, In colp
junctioa with the coattolled element transfer function, an Fig. 129. 7he c plete opon-1opB- d plot ahlbitas t . .
same lowphai ri codiiqns(4Is to zetp), pre.yiou.ly nod fot some of the lnenrized ojprato date o lkihd-
Tustin, Franklin and Russell.

-- 0 --I-.i --.. € Y,, -~i

b, 20-0 - - •

I' e ( P N A S 1)

AG. -__:_ ,)

. o -F v- : Fit-
- in, l r O rolor trw. Fr tin; 

-io

Figute 129. Equivalent Open Loop Bode Plot of Goodyear Computer Set-up, for the Statlonary Mockup.

An interesting point is the absence of a low frequency lag term in Eq. (VIU-7). (It will be recalled that
Tustin's data, with a similar cntrolled element but different forcing function bandwidth, showed a low frequency
h term.) If gain crossover had occurred at a lower frequency (reduced open loop gain) the low frequency lag term
would have been ..... uie W' 'uut "i a"- l . --- '- '- low............. . . . av been .... : a

!Tho educed loop gain would, of course, cause a deterioration of the high frequency response.

In many ways these Goodyear data are directly comparable with the Franklin elevator tests. The ef-
fectire forcing function bandwidth was of the order of 2 rad/sec, and the controlled element characteristics were
similar. The operator transfer function forms are identical, and the numerical value of r is essentially the same in
both cases. The TL valuaL, are, of vutse, differeta, becausc of rh- dctlled controlled clement differcnccs

All of this strengthens the pre% iously observed fact that the presence of the low frequency lag term is
a function of controlled element and forcing function characteristics. It is also a further indication that the opera-
to adjusts his transfer function in much the same way as a servo designer would adjust a similar fixed-form equal-
ij1r for a given system task.
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Another latexestilig subjectraised by tile &-~aa luac~pevnair fthe Pi1nrisuahoissitiblQ

insight into the causes and form of the remnant term of the linear mode. With the bpqi klj -w &s
the only sources of the rena~nt term consdere4i are the nonilinear transfe tr hrari -Bc,2oith bon-sf*4b 59 i or
and pilot irijected nojac-biave been-eliminatcd- from the oUtset; .-Be~ase of threatvy Va($7-l io,~a
tien ob~aijid by Ftianklin on a similar task (elevator whkh 2 ;ad/sec forcing cine would be inclined to

*think that an important discrepancy in results was present. The inclinati-nn is srengthe'ned wbci -e is realized dhat
the nonlinearicien of the Goodyear analog could hardly account for 30% or more oil the -output power. Whilc it -is dii--
ficult to resolve this problem because of the limited amount of data presented by Goodyear in their first study (Fig.
127 contains the only traces in Ref. 33) it should be noted that

(1) The analog of Reference 33 required a considerable number of changes in
later work to match trained jet pilots.

(2) The time itrvals during-which a particular analog configuration matched
the actual operator's output were psobably fairly short, e.g., only 6 seconds of
data are shown in Fig. 127.

Since the mere extensive modified mualos data presented later compares mare favorably with the data fromt linearized
measurements, it is probably not reasonable to say that the datit from this first Goodyear study and the Franklin
data are inconsistent on this point. Goodyear's ability to achieve a fairly reasonable and adequate pilot simulation
for short time intervals using only transfer elementp and a mild noulinearity is, however, a point in support of the
nonsteady behavior model over that of noise injection. Indeed, probably the hest way to check experimentally the
nonsteady versus noise injection hypothesis is a real-time simulation of this sort. If a guud point by point data
match was obtained for short periods of time, using only transfer elements, then the nonsteady explanation would be
preferred, since the inj-ctrcnisi-e versium wvould not allow such a match and would be- relatively iaadepetidetit ul the
run lengths.

Probably the most important facet of the first Lioodyear study in the light of the other data cited in this
report, is, the insight given regarding the nonlinear behavior of the operator. It will be recalled that Elkind's rx-
pcrliiait I[ (Effect of Amplitude) data ind'iicated thai the open-loop operator gain was it slightly increasing function
of tins forcing amplitude. Th1is effect is consistent with Goodyear's use of a threshold transfer characteristic. The
limiting, or clamp, effect is also apparent on many tracking responses other than those obtained by Goodyear.
Therefore, both the "indifference threshold" and "clamp" concepts are important additions to our knowledge of
operator dynninivu.

C. THE~ S9COPO C DOD YE AR 1 TUDY - MOVIINC S ULA T OR WIT.".
PISTON ENGINE FIGHTER PILOT SUBJECTS

T'he second Goodyear study [341 was concerned largely with the construction and use of a movable
mockup capable of providing realistic simulation of aircraft movements in addition to the usual visual display. The
study was relatively short, and, in essence, constitutes only a necessary connecting link between the first and
third Goodyear efforts summarized herein.

The basic equipment used for the experimental work wcs similar to that of the first study, wi-th the ad-
dition of a singlc degree of freedom dynamic cockpit mockup capable of simulating aircraft angiflar motions (see
Fixurcs 130 and 131-1. The oDo1t'S vi-SUal moout consisted of either sinusoids o;~ filteredl random noise added to the
pitch (or roll) angles generated by the aerodynamic simulation. The mockup room could be darkened to eliminate
spatial cues. The "cockpit" motion was siet up to be equivalent to the airframe pitch tor roll) angle. Subjects werr
again pilots having largely piston engine fighter experience.
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Figure i36. 11yvmmics Cnrikpit Mockup Showing Pilot in Position for Roll Studies.
(Ref. 34, MSg. 4)

The actual work of clj5 study was largely exploratory, so the reports issued did not include detailcd
documentation of the specific computer setups and controllcd clement chritacteristics used. In the pitch case they
were Presumably similar to those previously described in the first study, with the addition of the cockpit motion to

.,ilnulatc pitch angle. One set of aileron test results were presented as an example and are repeated here as
Fig. 132. It, this particalar run the pilot was:~a thc hacrai axis of a rimulated T-33 airclaft. Au, alleva~-

ni-Merr c-r, sf~e .irciir of &/8. - 0].9/s 1i 4) was- inserted to assist turn coordination sin~ce the operator biAr no

ider pedals. For the instance shown, the pilot kept flying for over a minute after control had been transferred to
the analog, unaware of the transfer. Other pilots, who moved more cautiously, had motions which didi hot resemble
that of the analop, as well. These subjects took only a few seconds to recognize the transfer.

In addition to these data, Reference 34 miakes some general ohservation5 which are jitioted IbeI,-

(1) 'Wiih the giv'en random-motion input, there is -. distinct difference between errors with Visuali

input, motion input, -' both. Reaction time and motion characteristics found pruviousiy still hld,

urder the conditions of this study. No information was found to prove that vestibular-inotion stimuli
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(to nluEt lad to drift and give faster transient response. However, it was found that the difference in
results for a pilot with his cvec open arnd shut was much Ie!q than the varintion betwveei dilktei
'lots."'

.'et LS N .C~ V1,.- I-- ., eflect iv'tiLiss at 'egwancie% ,bnve the mioa ire-
Quernes of the toil,,t-l,rctnft 5-st(-m. Thbis was evident in both sinusoidarl anti random tiackinf."

(3) "Pilots show a tendency to phase in with frequencies below 0.5 cps and to drop out of phitsv fut
higher frequencies when they are rracking sinusoidal inputs. At or near 0.5 cps a pilot tends to phase
in for periods as long as 30 secoruds, but idtimatelv lie exrcuteS- ai control reversal requiring %vveral
seconds to lock in again."

(4) "The ri-sults indicai4, that a rene ralI-purpose .,intuintor represer:ng the human pilot in closedi-loop
srudien should have a linear transfer function as foll,.ws:

K r-:-2 
-6uts t1 1

Lr'.S 2 i6rs +12) 0.125 4 1

where r 0.25 second for (lie simple ieuction-tirne delay lind K is adjusted to represent a given pilot.
i The first bracketed factor is the approximutioli for d ~eity ,f fots, C''. Tile recond factor is a filter

for smoothing Elie re!sponso of the first and also approxiiatv. the acuroamuncula! lag, and th'- illiir~l f,it-
tor accounts for the pilot's use of thc first derivative of input. A dencd-7on type' of tulincarity should
follow the above linear operation.- Mihis etire statement only applies, of course, to thr' particular
controlled element and forcinR function conditions used in the' Goodyear tcst,.h

'I he viork of the :;ecund study Pppears to udd --ome- generality to thu result.- 4' tEli first (a1s well as to thie
V!o -..Mc cc.re-: wih fir-t nn~dy). Tis ?,ene'tali7ation is specifically nn tIc lines

f freinp foncrion tvpe. and is given in comment f 1) above. Hlere it is pointcd out that, for the sub jects. of this
rudy ait least, ibe slime transfer chf~aateristic npilcars to be suitable for moten inpar ion- for visual inuputs

..: for . , hv t ., th.

THE THIRD COOD'i EAR STUDY - MOVING SIMULA01 WITH
JET FIGHTER PILOT SUBJECTS

'Ihe third tioodyeat study t(Ltf. 35) utilized fotur siavv jet interceptor pilots as subjects in the moaving
iockup partially described previously. P'art of this study was devoted iv an evaluation of changes in rulls error s

U 01VO %LUAL~iUi.Ei eE I Pjxa4,.LZt L,,a,.fls, and.... O-......-..

his latter work will be reviewed hete.

The coztolledt-' ntd7O~mict vLere those of -he .rhnrr-periorl pitching motion 4 f an SairCrft in '-
unction with a variable artificial feel systern consisting of a simulated aircraft control stick loaded with adjustable
nertial, spring and viscous damping forces. For most of the analog runs the parameters of the controlled elenments
rere set to "standard" values. For these cases the airframc dynamriics set into the computer wre re-presented by
he trinbfer function,

1.9?7(0.73, ii) 1.97 (0.74 s + 1) VI

where Om, is the simulated airframe pitc!! !!ngl- due, to the elevstor 84election t%. The "stsandard" feel system dy-
iamics were

Pp .015s2 0.44s-i- 10.8
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Figure 133. Goodyear Moving Mockup Controlled EkIcOnt-
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%here F, is pilot app!:.ed iorce. The riominal val, of the feel spting constant was .l.1 I T/in, The nontinal ovet-.lz

airhs'ame-tviopr '_,nsitivitv wa: 6,,,, s.,v r )W148 rad/s c/lb whik-h was equiealunf. i.u a ,k-orce/i value

itv , lh)/g. Th. .,.ral1 loop gii. wds oe c xdjustmerrts for each subject ,ur;1i " ,h - n. . the

* , "" ~ ,,, , ,," . - : , i.. -'

The Ilockup dynamics a lso enter the contrviled eleint .t pictme tu Ihv elteoc diat pitchinS motion -Also

,-r- o,. invu, t,, the piirt. i platform irgle, a, was related to the simulated total pib ingle. 0.,, hy tbe rfp-

... .i°. , .. .. . .

The furing function signal took the form of a pitch angle due to a simulatmd Rust, 0. 0. was summed

directly with the pilot-generated pitch angle O, to form the totai simulated airframe pitch angle, O.p. This was pre-

sented directly to the pilot's visual display (a simulated artificial horizon), and also provided the input signal to

the moving mockup. The forcing function, 0., was generated from a conventional lloisson distribution noise source,

filtered, etc., to give the approximate spectral density shown in Fig. 134. The rcsultirg amplitude distribution was

fairly close to Gaussian and the tans value was equivalent to about 4.3 degrees of pitch angle. It will be noted from

Fig. 1 4 that the foicing function spectral shape is similar to Flkiiils Fl spectram, but that the corner frequency

is considerably lower, i.e., 0,33 rad/sec.

.1A -

I M

iLIIIEII E'4'
II/ 1[1 - I - / 11 -- Ili

T I I F111 :

Figure 134. Goodyear Experimental Studies, Power Spectral iensity.

The analog studies were based upon four Navy jet interceptor pilots and several other subjects with

experience ranging from piston engine fighters to light planes. One subject had no piloting t-xperience at all. The

analog was constructed in the same general fashion as discussed previously, and tested by both visual comparison

of pilot and analog output rerords and the process of changeover from actual pilot to analog contrmI of the mockup.

Then an analog setup had been rearhed which showed good visual comparison and was capable of avoiding detection
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*tc ~ ~ PCtkudjS (10 i, . hr.ten subshituted for binst in the loop, the analog systemn Ias

'P f; it i-ilal arivatig dvmj;,, vd9s-!o that for the stationary mockup tes- t somra ft-,- .ers added
a;L. 11% of n:Jdnlexplaraory tes,i V;vp icce. Ine ji,4 17tt-i changes ati~cu s e Luc aiio, which

i- shi, r~ ,i k diogram form in Fig. V

SINE-WAVE
OtT"9R

P01ACT IO

TIME NEUROMUSCULAR

RATE TNRES"OLD D~ELAY SYSTEM

*C K' el M r

IACC LLIt A TION

Figure 135. Block Diagram of Goodyear Hypothetical let Pilot Analog System with Moving Simulator.
(Ref. 35. Pig. 9)

(1) 1 he addition of a higher derivative in the equalization term, :, a higher order lead. The total
equalization may then takce the form of cithcr it quadratic or of two first order terms. The add itional
le.ci was based upon the observation that the moving mockup allowed distinctly higher derivative sen-
sitivity of the oilot than that of tie stationary mockup.

(2) The addition of A relay-type characteristic opetAting directly off the presented error. This trp -of
.tctron won based upou the ubservation that the pilot initiates a portion of his motion whenever the sign
or the error changes insteadi ci after one reaction time interval. T Ihis Plirt or t .he total motion is essen-
tially a square wave with axis Crosigs corresponding to the zero values of the error signal. The
phenomenon haa been variously called "Alertiie"-". "Zero Anticipation", and "'Anticipation".

(3) The superposition of a steady, essentially sinusoidal, hand oscillation u~pon the output. This
"dithet" phestomenoii was observed only in the four Navy pilotsanMd showtd steady day-to-day vansa-
rin which suggested that it was a learned techinin e. To 13 first approximation the dither signsl can be
simulated by at fixed amplitude oscillator generating a 1.4 cps sine wave.

In addition to these major modifications, tht: zaaction time delay value was changed from 0.25 to 0.2 sect,..2.!.

The detailed computer circuit dingram is ur.senred as Fig. 136. It will be noted that the mechanization
for compar.Shle functions is changed considerably from that of Fig. 128, but these changes c indicative of taste
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and method ,.ther than fundamental. Only the additiuns
Asummrized above ate major modifications. The vtlues

for the nonlinearity magnitudes are not desiyable from

~were not given in Ref. 35, but the transfer functions
___ .mechanized were computed and are shown on the schema-

tic. A sinusoidal describing function for the settings of
1- -- pilot V.0. is alno shown. as F~ig. 137. This sim'.roidal

describing function id.icstej! ci, the predominant Ljiat-
acteriscics of V,O.'s analog circuit are a first otdt lead

A I- (rate sensitivity), threshold effect, and reaction A;ime de-
lay. -.' must note at this point. however, that V.O.is

-. -analog is net typical of those of the four Navy jet pilots.
In general, these jet pilots generated a substantial amount
of second order lend (nceleration sensitivity) and had lea!'
first order lead (rate sensitivity) than the non-jet pilots.

C.0 T- "c.4rcncc 35 iactuded five recordings of

- various actual pilot-pilot analog nins as. examples of
some eighty hours of similar recordings. Figures 138
through 140 illustrate the correspondence between these

20_ pilots and their analogs for the previously defined "stand-
11111 rd" conditions. Pilt V.O., Fig. 138, is cited as a typi-

cal example of a light i.laie f'ik- wtLh nv .xperienvc in
Si iiii / I/ Ijet aircraft. The "dither" chaztcteristic in nil, and the

----- maximum pitch angles recorded 'art, generally higher than
those for the subjects with jet aircraft experience. Pilot

G. C., Fig. 139 exhibited the most dither of the four Navy
pilots, though the dither is scarcely discernable in the
mockup motion record.

Pilot J. B., Fig. 140, is neted in Ref. 35 as
, "- - the lea' t consistent of the four Navy pilotn". His dither

level in t~ig. 140 is not nearly as high an that j.F G_ C.
Additional data is given in Ref. 35 on the ef-

fects of controlled element changes, using J.B. as an
F;gtnre 137. P lafrtt and Attenu.miic, Char- reamp.., Figure 140 is, of course, set up for the "stand-Figre 37.Plc.rShit ad Atcnuaioa Chr- ard" cor, rolled de, t For the date of Fig. 141, the

acteristics for Pilot Analog Circuit.ar"or.ol cclci rtthdtafFg,1,terics . 35, Fi . 19) damping ratio of the airframe short period motion was sc-
duced to 0.2. 1lcre the airframe-pilot system is tending

toward instability. For the case with a fifty percent re-
du crion in aircraf.t. o ":"

o, Fig. 142, the pile'A Pain increased about a factor of two to compensate for the reduc-
tion, but otherwise the resuhcs were similar to those wieh "standard" oe'rings (Fig. 140).
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2. COMPARISON OF NONLINEAR AND QUASI-LINEAR MODELS OF
HUMAN OPERATORS IN COMPENSATORY TASKS

In Part B of this section we have aheady compared the results of thc first Goodyear analog (for the
stationary mockup) with those of Sections V and VI. It will be recalled that the two types of results were generally
consistent as far as transfer function forms were concerned. The Goodyear model's indifference thresholt. effcct,
reaction time de!ay values, and equalization parameters all appear to be compatible with the more- errenive data
from the quasi-lintar models, A souIrce of possible conflict was present in the remnant data, but there wan insuf-
ficient analog data avyilable to derive any definie conclur ioas so the subject was eiklICd unti. Mis pUIL.

Now that the Goodyear moving simulator program has been summarized, we are in a pot-ition to compare
these results with those previously presented for the quasi-linear case. In this subsection, therefore, we shall
attempt to coripdle the consequences of the two quite different experimental approaches by aeconciling the Good-
year analog results with the quani-linear data.

Perhaps the best way to approach thin problem is to compute the approximate describing function and
remnant of the Goodyear moving nimulator analog. As the first step in this piocess we requite die statisticul input
describizig functions of the threshold and anticiparinu circuits, These will be derived below and then combined
with the linear portion of the analog to find the tot..l describing function. An approximation to the remnant will be
derived, giving us a total approximation to the quasi-Linearization of the Goodyear analoa. This result can then be
compared with the other iinearized data and conclusions made.

1. Describing Function of Goodyear Analog Pilot for Moving Simulator Case

The development of a describing function for the aialoR computer circuitry is straightforward if the
quantities throughout the overall loop have amplitude distributi.ons which are approximatcly Gaussian. Assuming
that this is the case, the deacribing functions, when an amplitide dependent pure Xmin can serve to approximate
the non-linearity, can be Zrained directly from Eq. (111-42), which is repeated below as Eq. (VIII-11).

35

A/Zz(x) p(L) d fWXfX)e 0.1XK-*- ln .*oZ(VII-1)

f::x2 p(x) dx v'2- 03

For the .-. _.4'ation, or sgn fhinet ion, -Ii.wn in Fig, 143, the switching level is set at a value aA. Then,
-it..%

0I - - A t '

-aA; c <0 (VII-12)

Denoting the rms value of the error signal, r, us t l,, the Gaussian input describing function is

K aAx p(x) dx + aA A p(.) dx 2a.1 rx p (v) d.
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Figure 143. Anticipation or Sgn Figure 144. Threshold Trsnnfer Chiariteristie.
Fu ctijo Tranafgr Charaeteristie.

We shall appioximate the actual threshold characteristic used by that shown in Fig. 144. Here the
threshold is a r and the rms value of the signal presented to the threshold characteristic is or. Then

f(x) x; x >at or X<-at

- O - " x < ay (Vill- 24)

The integral involving xf(x)P(x) will become.. . l . _lJ I f
(Vll 13"

where 4 LT/(a2o ")] is the error function. The threshold describing function will then be given by

af r a -- AKrJ (VIII- 16)

The overall Gaussian input describing function of the Goodyear pilot analog in the frequency region of
interest will then be al.ppoxiiately

t L ,-.,., ± i'.t V 17)

Having Eq. (VIII-17) we can compare directly the Goodyear and other describing function results. The
gain, K., reaction time delay, r (raken by Goodyear as 0.2 see), and neuromuscular transfer function,Y , are com-
pletely consistent with the quasi-linear data in form. The equalization characteristic is quadrar4- rather than the
first order lead obtained in the quasi'licar measur-ments taken in situations with comparable controlled element

r'..Th.;- 7;v ,*.,1 k.. doi-.. r. anv clifpoenrp between their movinp and non-
moving mocknp experiments as well as being most dominant in their highly trained subjects. The second order
lead, therefore, does not enter into our comparison per se, but rather is evidence of a skilled pilot's ability to
generate higher order lead:i due to the additional motion input information. On this basis, all of the linear terms
can be said to compare favorably with those from other data.

This leaves us with the linearized portions of the nonlinear threshold and anticipation terms. While we
have no exac" data Cn the aA 11, ratio which defines the nticipation tern., the output data plots presented by Good-
year and the assumption of a reasonable computer scaling make it evident that the ratio is fairly small, relative to
the other terms in Yp, for this forcing function-controlled element situation. Since the effect of the anticipation terms
in the linearized open loop describing function is nLgligible, one can reasonably expect that the major change in
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Yp wil! be due to the additio, of I linearized description of the non-linear "inditference threshold" represented by
'Sine the existence of Guch a threshold is cvnpatible wih Elkind's data on the effects of forcing function

amplitude variaion, and is consistent with the F-8OA data, we can coiclude that the Goodyear analog is consi.3tent..
with othermeasurewcentsot quasi-linear describing functions.

2. Renas ft Goodyear Analog Pilot for Moving Simulovo Case

The problem now at hand is at; fiad the approximate power spectrum of the Goodyear analog remnant.
The remnanz in this model must come from the rhreshold, anticipation and dither effects. Since the !inearized por-
tion 4jf the "iadifferenc-. threshold" KF(UT/o7., accounts for its effects fairly completely, the contriburion of the
threshold to the non-coherent output power can be neglected. This leaves us with the anriipatioi circuit and
dither as prime remnant sources.

The dither characteristic was approximated in the Goodyear study by a sine -'k' c4 amplitude A and
frequency wn,,. The power spectra of a sinusoid is a delta function, so the output power spectra due to the dither
will be

n -dith e- r" (Jd 4 CO) I 
8

(oud - 4G) (VIII- 18)

it was stated 'ove that the linearized effect of the anticipation circuit 'n. rh dencribin , function was
probably small compared to that of the other describing function terms. Consequently its effet,; will be found in
the relanait. In .-tct, we shall assurae in the following that all of the power from the anticipation circuit will be in
the remnant.

The action of the anriparion circuit is
essentially that of a perfect t-ay with no thresh-

0 Iold. The circuit output wili be a square waveOi " ,ymmnetrical in amplitude about zero and having

-- axis crossings coincident with those of the eror
U signal. Its genczal form will be as shown inz Z Fig. 145. Our current problem is to compute an

E~me approximate spectral density or autocorrelation

- -- of rA(). Thbee, u ntortunately, will depend upon
the prubability distribution of the axis crossings
of rt4t) or the equivalent quantity for the crossings

of the error. V;nding the axis crossings can be
cy ifficult. However, even though the exact

,1 ,;1,,;,o, ,f thp. 7 rnq i- difficult to obtain,

we can make an estimate of the average number
of axis crossings of the error, d), if its ampli-
tude distribution is assumed to be Gaussian.

Figure 145. General Form of Anticipation Then, if we assume further that the distribution
Circuit (hOpurt. of zhe axis crossings is known, having this av-

erage rate, we can estimate the ,utocorrelation
ot r(tI. this will be our procedure in the ioi-
lowing.

First, the average number of axis crossings per second of a randowt function with a Gaussian distribution

(VIII- 19)

I See Reference- 68,
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where [R(r)]/, is the second derivative of the normalized autocorrel'.tion of the functiun, and R'(0) is zero. To
obtain an emrimatre of rhe normalized error auroorrelatjua near zcro values of r, one can recognire that only the
higher frequency cemponents of the error spectrum, (0, need be involved. At high fzqucncics, the error spo'trumi

(1 --. , - I2 b . our..... (VIII-20)

where Yf if; the trnraier functio-i -.f Ch 'iler used to obtain the forcing function specrum from the noise generator.
While l'q. (VIII-20) is only a high frequency.a pproxim'":aii to rho error spectrum it ;all we require for an estimate

of p,(r) as r approaches zero.

The form of (P., was given previously in Fig. 134. The normalized autocorrelation can be obtai.cd by
transformoig the equatiun silowt there, and is

R,,(r) oU!j_ .,71 tj e-fl,l

"2  
- Il ,I-

--f 71
3

,

The SIC,1 derivative Of I:q. (VIII-21), evalated at r 0, is

R ff 0)
T -- ! fi, (VIII-22)

,Siue u - V3 rad/sec and (, is sumewhat greattn thatt 4 nid/sec. the average number of error signal axis crossings
rcr sccond will be of the ord-cr of 0.37. Thc average time, Ii , betw,-,u vrn-injs will then be apprnv m.tcy 2.:

if we now ,':g ;u i. rhat r I probability, Q( r), thaI and I i r lie in the sanic interval is kno; n, then tn.
aurocorrelation of the sgn function otaput is:

RA(r) . A1Qcr (VIII-23)

If 1(AX) is the probability thot an axis crossing occsrs between time A and time A i dA, then the average time betwen
axis crossings is

TA - 1 'At(A)dA (VIII-24)

and ij(., h. gi-vcn by

1~r fw(A - Irl) HG,) dk (VIii-25)

so that Q(r), and hence the autocorrelation of the sgn function output RA(r), is known if we know 1(A).

some examples which give insight into the problem. For example, if the axis crossings obey a Poisson distribution,
then

H(A) = 7,' rA (VIII-26)

so Q(r) - e- 1"' and the autocorrelation is

C eR -2209(VIII-2")
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AM a setemed erxample, contsides r ta6 ins crossings are purely random in a given interval 2TA; i.e., A can have
lu~ V;'U, :;L -- -- si 2 7'!l -n, .- ihnd although the average time between axis crossings is TA. Then

04r = /(2'4'12(2TA -I'D 2; Irl wv 2T, and zero elsewhere. The autocorrelation,RA(r), is, for this case,

RAWr 2 (1 (VIII. 28)

4t will be noted that the first approximation to the autocorrelation RA(r) based upon Loth these widely different axis
crossing distributions will be

R, (,) -_ I "~ Ij * (VIII-29)
TA TA

By this time, the diligent re-tier rr:! look upon this autocorrelation as an old and valued friene. for it has appeared
in all of the attempted remnant "explanations" (i.e., Weber law type output noise, nutisteady opcrator behavior,
etc.). Mec power spectral density i*. as bz-forc,

OTA

"A~2

Tlhe total open loop remnant, refetrd to the operator's output, of the Goodyear analog is then. approxi-
=rtely,

2TA ( EA T2  Md . [,t~6(ad + w).+ 8(wd :,] VI-1

2 J-

Both of these terms have distinct parallels in the quasi-linear data. The L(sinx)/X] form is a good; approximation
to Elkind's remnant and is not inconsistent with the Franklin data. It even has values vf TA which are clompprnhle
to those obtained from Elkind's darna. The dither. tiving a delta function peak at about 1.4 cps, is consisilent with
a similar measuement made by Russell. We can therefore say that there are no striking inconsistencies between
the analog and quasi-linear data.

Fhle apparent corrclsrion between the iean .t due to-the tic ipntiri cifcuit anel that fotind from
Elkind's measurements leads to0 the conjecture that the principul remnant cause is the "perfect relay ation Ul
anticipation in parallel with an almost linear transfer function, If this action is indeed the primary remnant cause,
it would l.ave to increase in importance relative to the linear transfer function term as tht task become more diffi-
cult. This would imply that the humasn has three different behaviorial modes ws i!! traicking random appearing for.c-
ing functions, i.e.,

s. For tasks presenting slight demands, e.g., simpie conrruoaeu viciisi Jly-

aamics and low bandwidth forcing functions, the linear coreelation will aip-
proach unity and the operator will generate a linear transfer function.

b6. For wery 4trmanding tasks the linear correlation will be very small, the
open loop operator descerihinA function will approach Pr5(a4/A), and the human
transfer chanacteriotili. will ' tha- of a perfect reley (or sgn function).

c. For tasks where the demands are between these two extremes the operator
will operate both modes in parallel.
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The above remnant "explanation" is probab!y ,T-st physically suitable of any developed in the
iepott. Its consequ,-nces match most of the quasi-linear data in a qualitative way, and is further corroborated by
observation of the operator and tracking records.

The dither phenomenon observed in the Goodyear tests must also be considered to be a poisible human
output under certain conditions. It does, however, appear to be an individual tactic which is consciously used de-
pending upon the operator temperament and task. The dither action is analogous to that used in servo systems as
a general linearizing technique, e.g., to reduce the effects of coulomb friction. Besides the Goodyear tests it has
also been observed in human dynamics experimcut where such a technique appeared to the operator to he an appli-
csble tactic. In this regard,

a. No dither was present in Elkind's tasks, probably because there were no
restraints whatsoever upon the control. Possibly its .general desirability
had be"n teiected by the subiects d-irine rheir training tiod as a technique
which wasn't particularly helpful in that task.

b. Dith-r was probably present ill some of Russell's trtii aice a sharp peak
at 1.23 cps was found on the only remnant spectrum anesauszed. Russell's con-
ttol bar was attached dirprtly to a Variac type instrument, which has a fairly
high coulomb friction level. Dither would therefore be generally desirable.

c. In the Franklin Institute test series several of the subjects tried out thc
use of a dither signal during their training periods but abandoned it before
rheir rtOenrel rinc were tnken. This was done not because dither introduction
was an unsuitable technique for operating the simulator, but because these
pilots did not conside. it to be part of their normal piloting style. A typical
comment was, "I think that I can control the Simulator besi by usi,l d,.
frantic mode, (which included dither), but I would not use it in an airplane."
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Section IX

HYPOTHETICAL MODEL OF THE MUMAN OPERATOR IN COMPENSATORY TASKS

A. SUMMARY 01- MOfUtLS

In the previous sections, past experimental data have been reviewed in detail and grouped into variots
classes depending on forcing function type and controlled-element characteristics. Simple analytical describing
function forms and approximate linear correlations were determined for those instances where they were aiailahle,
rcdeteruined in some cases and accepted outright from the original sources in others. The net result of this effort
is summar'ized in Tables 13 and 14.

While the controlled element transfer functions shown arc correct over a wide frequency band, the human
operator describing functions are not, si-ace either particular frequencies or a narrow band of frequencies were used
in their detettiraation. To present the measurements in a more precise context, 'tables 1.3 and 14 also show the con
trolled clement approximate characteristics in the frequency region covered by the hnman rn-l,,-.a," ta.

Thw inijin.adiLt aic tot nearly as extensive as the describing function characteristics, though they are
still extremely important to the description of an annlytiral otverator model. Such data as are available on remnant
modt-!s are summarised in Table 15. It will be recalled that, while there was a forcing function amplitude effect on
the tlkind and 1;ranklin describing functina dor, the overall dependence upon forcing function was relatively small
over a wide range of forcing function rms armplitudes. One can conclude from this that the remnant power due to op-
'rat,, nonlinear transfer characteristics in series with the describing function was relatively small for the conditions
tested. Tis implies that a large porti,,n of the remnant must be due to other phenomena. In the previous discussions
tef il,. n tasi liner .la'a Ott- maine pno-il-iliriec for thc 1va-tficaiar ,ata wre narrrw.,i down to nonsready operator be-
h.vi or .,id o{,,-.itom imjo i ,ud toise. Thes two sources were not separtable fromi die data available, so mdtse 1s ,Ce
derived assuning each phenomena wa. tn account for the entire picture. In the discu.sion of nonlnkar rndc-ls it wa,
poirted out that a third remnant source was also a possibility. This was the action of a nonlinear transfer charac-
teristic essentially in parallel with a describing function. When the linearized portion of the paralle. nonlinear
transter characte ristic is small relative to the describing function amplitude, the parallel nonlinear cnaunel will
hate relatively little effect on the overall open loop describinp function. The action of the parallel nonlinear ele-
ment will, however, have a substantial effect upon the remnant. The surnmary in Table 15 reflects the consequences
of these variou!; possible models.

From the data preseiaud it Tables 13 olrongh 15 we shall endcavot in this section to hypothesize a rea-
sonable model of the operator for the case of random appearing visual inputs and motion outputs. In constructing the
,yiutht.c.cal mordcl, th trawn c. c haractcristics Will be considcrcd first, on a tcri.i by rc.. basis.

0. H
Y P

OTHETICAL - 4A, $f' CR ESCR u 11G MU T ,ODELil

1. Reaction Time Delay

The reaction time delay, represented by the e.' term, appears in all transfer functions for forcing func-
tions having a degree of unpredictability. Also, while it has not been thoroughly investigated ro date, ir in probable
that an 7-" term is present in 2ll tracking tasks in which the operator's input is randor appearing. The line of de-
marcario,. however. herween iandm Adnnami., and ,reAi retaklh ;n ,v I n, .| Q . .-11 :

,he use of a perfectly predictable sine wave forcing function on a system with an operaior plus complex controlled
ci cent dynamics, resulting in a complex, nonsinusoidal error signal (operator input), probably falls into the random
appearulae innt class. In the same < a-,*. reduction of the conrroll-d element dynamics to some simpler (but prenent-
ly unknowi,) form would tend to preserve the predictable sinusoidal wave form, and the operator input would then fall
into the predictable clas..;.

,-!u::, the impiet o the fitted transfer function forms is used to derive a value for r, a considerable
variariep in rhis initially der'L-mined pure time delay is apparent. Then, when a stability requirement is asserted,
and stability of t! e fitted form is obtained by the introduction of a high frequency lag beyond the bandwidth of mea-
surcmCnt, the resultant r values appear to lie within a relatively small grouping, with a central value of about 0.15
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Table 15. FSwrImArY Of Oprao I nnt Chate tistici int

GENIERAIL CONTROL TASK INCiLtJOIN7 I AV4RAGe 100E w ftO OIE ifJKT

INVESTICATOR CONTROLLED CLEIAENt DYNAMiICS FORCING FuWacrION I LINFAR -- -TEOPftTOR'S 1111

I fGAIN NOT SMOWN) CORRELATION

Randlom apioearing superposition1

hiniple tracker, handwlieel type control of 4 sinuzoids

RUSSE LL with, no restraints I 0.9

0.64 L." 2.87 4.27

Random appearing function mado up of

40.-120 sinusoids, giving any
desiroblo rectangular spectra

R.16 -0,995 White noise,

*.16- 24,_4,.64,.96, 1.6,2.4 cps R.24 - .99

!Iunll pk uilawiug with pip trapper R.40 - .995
0rt KIND R.6e .98 ,~/s.

vai for

Simnulated lonitudin~al aircritlt control in pitching MOCkup; Random appearing
stick with inerticdl, sprinrro and damping restraints

GOODYEAR j) ,24 2 f.1 II I -20 db/dec

0.33 '4

&.4.17, 4 0.52 1.9 .

Random appearing -hit@ nos through Elevator,
third order binomial filter giving

Snu.tedl F.80A in to.' circase; aileron and elevator controlled available corner frequencies of p. L 0.6
1. 2, and 4 roci/sec

v.,l(J 2.92 . M)(.s14. -. lsS32 -1 -_- Aileron, LI

FRANKLIN Pic0 0 lt '5.65. - DR/3-81) 2(0.0841/3-88. i0 L~

ls'58. 1) tp wa abd

* 11 .strong

function
I.2.adif i.,.,)
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of Operator Rvimnant Characteristics in Compensnaoi)y Tslis.

REMNANT SOURCES and BEST FIT DATA .---- "....

ALI. REMNANT ASSUMED TO BE ALL REMNANT ASSUMED TO BE . .

AVARAGE DUE TO NOISE INJECTED AT DUE TO NOISE INJECTED AT

LINEAR THE OPERATOR'& INPUT THE OPERATOR'S OUTPUT
DRRELATION ALL REMNANT ASSUMED 'TO BE DUE TO NONLINEAR OPERATION AND DITHER

I -Y 

l  
'P. NONSTEADY OPERATOR BEHAVIOR

0.9
0 , 7

.73 
rs

('.) -2T.. I(si. !.,'TII( ~' T)1
t  Haf(r) - WIT- rI/f)

.16- 0.95 orh0 5White noise, where; T, 0.25 sec

.40 -~ . (5"9 * ,,ix(r) -( - W/T) No dither observed;

.64 . .995b / ' - { 1 a

.64 .98 OM' 0' o 7 f_ Small threshold nonlinuarity

.96 - .92 ,' (;.75/,- (All Lu5e0) ,; possibly present
1.6, .7. 6H6 n1. -o. L' - .. ,.I.. and

2.4l ti8-
1 , 75 (H .40. R 2.4)

C P,,/ dl,,I2' Y '' -

2 7-4(E,1/2)1 f(ein cuTA)/(%4TA)1 2

T4 2.7 see, (IV .8 rad/ec

i B DITHER

___ COMPUTER MECHANIZATION

Elevaor,

ki 6 ron,
ALTmOUGH THE FRANKLIN P80 DATA REMNANT POWER IS CONSISTENT WITH ALL OF THESE MODELS,

p. - 0.5 IT 15 NOT UNEQUIVOCALLY ASS1NABLE TO ANY ONE SOURCE

p was a

gtrong

funcfiOn

tf 2o)

2t6



seconds for random appcarin$ visual inputs. There also appears to be a fairly steady progression of decreasing r
values from about 0.30 to 0.25 seconds for widely separated step inputs, to about 0.20 siconkds- for imreClosely
spaced and random appearing discrete steps, and finally to the -0.15'secofidi ;cited 40bea oqaIng
forcing functions. On both Single-input. sinitle-outtput systems Ud- 6O0-nal.i 6N-fiii-atnsWW~d~~t_

pearing forcing functions, r does not appear to be a distintfuncion of eitherzforcing function-or controlled element--
charactiriiiks. Watever variability does exist- in valuei'of r appearsto bean an intrasubject basis. It is probable
that these variations are similar in both scope and form to those found in applicable reaction time experiments to-
discroore stimuli, s-iice r is certainly a closely related quantity to certain classical reaction times.

The hivoothetreal linear MMOIv fnr rnntinvinais .nntrol, vimiil, ,nr~nenaorn to." c hnuild then alswavs
include an r ermn in the describing function to account for the reaction time delay, with r given approximately as

r '0.15 Ma03 seconds (1X1)

2. N*uvomuscu lut Logs

The dynamic portion of the data from step forcing functions for Y, -- I and that obtained for the non-syn-
tclisonuus phases of sine wave forcing functions for Y, - 1 have a fair degree of similarity, and arc prefumably indi-
cative of the actuator (ne'ormisciflsr) Potion of the human response. The neuromuscular system involved in the
particular mensuieniet wai, tht of the arm in following, and the describing numbers would he somewhat different
for other neuromuscular systems. This actuator portion of the human responses is not directly apparrnt in rt orher
describing function data since the effect would be -ninor i. the frequencies uued for determining them, It will be re-
called, however, diat much of the data requirred, as a minimum, the addition of a hiph fri-quency lag (h-yt.nrT th- mes-

arncabatidw idi), to ,;tabilIize the sys~tem.

Te sjji,,uli .i.,jote -lhat Elkind's higher forciog inctio bandwidths will scarcely admit of very large
valiwr for neoromuscular lags (because they would hve to be subtracted from the already small values of r), unle!as
they are associated with the very low frequency lag lhreak point prohably present; or unless both a lestd and lag exist
beyond the measurement bandwidth. The evidence for the second possibility is mixed (Section V-C), a"d the possi-
bility of te low frequency lag being Lfuly due to the neuromuscular system is extremely unlikely.

Since nmuch of the evidence available at tie higher frequencies (particulaily those from step function
inputs), indicates the existence of neuronmuscular lags, and most of the other datu implies their probable presence,
a hypothetical model of the operator should include the effect. If really due to the neuromuscular system, these lag
terms should be at least of the second order variety. About the on! v numerical value that one can derive from the
data, however, is a first approximation consisting of a first order lag. Such a single lag will be used in the hypo-
thectical model, but one should not attach too iDUCh physiCal SignifiCaflc to either ihe numerical values or, for that
mratter, the name.

3. Ind~fference Threshold

In the Goodyear studies the concept of an "indifference threshold" of response was derived as a aerial
member of the operator's transfer characteristic. Elkind's variable amplitude experiment data are also compatible
with this result, so it does appear that the effect exists and should be taken into account, at least in principle.
This can be done by using a threshold describing function, Kr(aT/uT) , in series with the other elements of the trans-
A?, fitcti.,. Thi- is given approximately by.

aT 2 aI

Equation (IX-2) has only a slight change from unitv. for the relatively small values of arl/t77 observed. It can there-
fore be considered as a second order e ffect within'the realm covered by present data.
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4. ocquanlsatia cd..ee g -th

prbale A raost important thing to be noted ztgarding the transfer function form is the equalizing ability of the
-operator. T7his is shown by the occasional presences ol a first older lead, a low frequency first oacdet ig,-anO the.

probable existence of a variable high frequency lag (which may be pact of the neuromuscular system).

Considering only non..moving miockups with pure visual inputs, a sia le low frequency lag toii ahways
appeals to be present when a of the fcllowing cor,ditions apply!

a. When the introduction of a low frequency first order lag would improve the low frequency system
response;

b. Wihen the low frequency system response is imporlant because of the low bandwidth of the input.

c. When the controlled element characteristics are such that the intioduction of the low frequency lag
will not result in higher frequency destabilizing effects incapable of being overcome by a single first
order lead.

When these conditions do not apply, the low frequency lag does not appear.

Then the controlled element characteristics, coupled with the "unalterable" reaction time delay term of
the operator, are such that a lead term would be desirable from either a -yatem stability or low frequency system
performance standpoint, then the operator will generate a first order lead.

It is probable that either a second low frequency lag or a second lead term is difficult or impossible for
the operator to generate when confronted with only visual, random appearing inputs. Several of the systems studied
could have used sucn terms to advantage and diee is no indication of their existence.

t shnud be prindte out, howevor, that a second order lead does appear to be possible under special
cirrum-tvnce", For esam.;4, the highly trained Navy jet piln. uqd si %,hjertn hy Gnnwdyear were able to generate
quadratic lead terms while operating in a moving simulator.

Expressed mathematically the operator's equalization characteristic, with only visual inputs, can take
on the following forms.

a> I (LEAD-LAC3) ()7nis + 1 )

as + 11 (LAG-LAD) (b)

10is+ I ) (SIMPLE IYAh)

AP (SIMP,6E LAG) (d)

This ability to adapt the form of equalizing characteristic can be referred to as the adaptive behavior of the operator.

It should be recalled that the final transfer function obtained in a given task is a strong function of the
operator training in the particular control task. All of the describing function data considered in this report were
valid after the learning period. Therefore, adaptive behavior refers to what the operator can do after he has achieved
some faatilarity with the pliticulat control pro.ess. The length of the trial and error process involved in achieving
the final transfer function form ib. ,f course. quite dependent upon the forcing function and controlled element char-
acteristics and the background of the operator. For example, in Section VI we noted Ruissell's cumment that only a
few seconds to a minute or so were required to adapt propetly for variations in controlled element characteristics
during a run; much longer times were required on die F-80 simulator simply ro achieve familiarity with the simulator.
Goodyear noted that as much as 20 hours was required by one of their subjects (a non pilot) before he attained any
reasonable degree of proficiency in conurolling the simulator.
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5. Gain Adjustment and Optisualizlng Behavior

From all of the data it is apparent that operator gain is a highly adjustablie parameter. Qnl:eaaantially
all of the more complex tasks with controlledl element dynamics, the gain was qat to valu s j;ving quite lotha$6
margins, of the order of 30 degrees or less. This was also true of the Elkind rectangular spectra forcing function
data for inputs to =0.96 cps. The gain value adopted by an operator also appanr o be a distinct function of
individual mutivation and uainig i, thepaicular:task.thro hlitscbvbuasdustevo f

In ddtin t ginadjsten. al heevidence available indicates thr- the operator is not only adaprive

som ofthecontans wthi th trnsfr fnctonadapted.

Som ;nigh ino tis ehaiorcanbeobtained by considering the simple tracker data as a function of
forin fuctonbanwith Frm he rakln dtaitappears thttela iecntnTL, is considerably re-

presnte inormtionreqire suh aninceas. Asimilar trend is seen in the Russell and Elltind data, except that

these characteristics show a distinct tendency on the part of the operator to atijust ia.s paraiiictcr-c in an cttdeavvr to

foliow the forcing function and to minimize the effects of other signals present in his input.
This behavior is similar to that expected 'if an "optimali zing" servo system , i.e., one that adjusts the

values of its constants as a function of its inputs. Although we would be hard put to specify the precise optimumn
coward which the subject strives, we can assert that the human opefror is both "adaptive" (with it ak relatively fixed
farm), and "oprimolizing' (to some internal criterion). In fact, the human operator is the very prototype of an adap-
Live, oiptinili.1 aSservo system. Unlwttunately the humian does much more than ilie morc prosaic optimalizing servos

t in that a large quantity of "unwanted'' output motion is Also supplied by hima in the control pror4-0

Having noted the optimalizing charactcrirtics,, i r'comics a matter of interr!:t to nperulttt- tiprin th- e-ri-

tcria uscd to adiust these variabls parameters. [or ;inple nyptems, mich as 1-lkind'-q, it ws qhown in Section V
chat the Classical Minimfization of the ris crror (opriaitor's input) has sonic merit, at lerist in terins of eiving a rou ih
idea of the general type of comprnmise being performed between following of the forcing function arpi the rni'ir. !r
will be recalled in this regard that a bugaboo exists in thnt thc- operator '.&Pnerarvrs his ow no, i , in
turn, related to his transfer characteristic.

A simnilar optimalizing behavior is exhibited at the other and of the ranige of difficulty by the F-80 simn'.
latur results. Here there is a reduction in a and an increase in /TLi in both the lateral and longitudinal operator de-
scribing functions ns the forcing function bandwidth increases. Within the limitations of the possible form of opera'
tor's desacribing function, both of heechanger-end to reduce fium'tions of the -Absolute value of te Esri- (opnera-
tor's input). However, at rather remarkable difference exists between the [-80 and Mlind results. It will be recalled
that the mean square error (and error spectrum) found in Elkind's experiments iticretmed with task difficulty, i.e.,
'viii input bandwidth. The r-80 aitniulator results, on the other hand, show that the eitor spectra in a particular axis
ate nor strong functions of the forcing function characteristics, but are similar for all three input bindwidth conditions
dific:ing ma.yiu, their bdadwidths. A considerable difference does exist, however, between lateral and longitudinal
error spectra. In other words, the error spectra on the F-80 simulator appear to be largely functions of either the %;on-
trolled element characteristics, or tht attachment, by the operator, of differing degrees of importance to controlling
a4!crcn and clevator. Tlhis situatlon does not detract too mnuch from the conjecture that the operator's tracking cri-
iof, is akin to the servo criceiozrn of mean square error minimnization. this is so because, in systems containing con-
ti lled elements as complcx as the F-80 simulator and in view of the restricted op.rrator transfer function form, the
mean squarec error variation, with operator parameters is~ relatively slight over the range of values allowable from the
stabilization standpoint.

Taking all of the data, then, it appears that the operator does adjunt his parameters as somne function of
the maitnitude of his rp'aenred inplitr, Ither, he tenmis to modify his transfer characteriseics until he hab ..chievcd
either a performanicc wili hic ai:,celt ui. perhaps, a performance level wIhich represents the lim it of his abilities.
it should be pointed out that the operatov actiont tending to create the second of these possibilities was generally
requested by the experimenter. Other experimental conditions, e.g., when the operator is asked to keep his signal
within a rigidly defined set of limits shown on the display, my not yield similar results to those given here, Ac'-
teialIly , we only have glimmers of the operator's criterion for optimalizatioa, and we are forced to note simply the
conctistency of his actions with other well defined criteria rather than being able to derive his rationale for acting.
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6. Hypothetical Transfer Function Model

From all of the above it is now possible to hypothesize a Unear -daptable model of the human operator,
for random appearing visual inputs and motion outputs, which is consistent with all of the data avAilable. In .eiuaL.
tion form;

(Tis +lTgs + 1) - (t + 1)( 7 - s+l) r..

where! Reaction lime delay, "i". is. 0.12 < r < 0.20 seconds.

Neuromuscular lag, "TN,", is partially adj'stable for task.
"(a Ts u- 1)" (TLs + 1)'Efqualisation T (Ts + 1) is adjustable with forcing function and controlled element.

Gain, "'Kp", is adjustable for overall system stability and low frequency performance.

Indiffere nce Threshold, KT " is a second order effect with adjustment and values not known.

Within the limitations of the above form the operator adapts his describing function (Iag-lead, lead-lag, pure lead,
pure lag, or pure gain) to ubtain what he considers to be an optimum controller, controlled-element system response
in the presence of the forcing function. The describing function form adapted is one consistent with stability and
good low frequency contrl of the overall system. The constants are adjusted to some criteria akin to that of the
tins lniu,,icUtion criterion of seiVt, theory. In most cases with forcing finctions having a fait ~" ' Frequency con-
icat, the ovviall system probably exhibits marginally stable high frequency control. In other words, the uperator
transler Iunr'ton lot a ,iven task is very similar to the one that a servo engineer would select if be were given an
e:cmvni tu cvntrol togetber with a "black box." haoini witi -in it elements making up the desc'ribing junct i on given
hyEq. (IX-3). and knobs on the outside lor adjustment of a, T1 , and Kp.

C. HYPOTHETICAL REMNANT MODELS

In the course of this study several models have been proposed fu "explain" that portion of the opera-
tor's output which is not "linearly coherent" with the system forcing function. In terms of the operator's uncor-
related output power, three of the models considered appear to have descriptive merit. These are listed below in
the order of their appearance in the previous sections of the report, and are il!,strated in Figure 146.

1. A "noi.;e" ni errnr superimposed upon the operator's linear output. As shown in Figure 146a,this
noise is effectively injected into the system. As presently conceived this description assumes that:

a. llie humans output response, c(t), can be approximated by a series of discrete steps.
Each step consists of two components, i.e.

(1) A part, Av,, dinearly related to the forcing function;

,2) A part, n,(t), representing random error or noise, which is not linearly coherent
with the forcing function, and which is independent of all other output steps.

b. The mean-square noise may be proputtions], in some fashion, to the mean square value
of Ac0 , ;.e., A .

The data fits made using assumption 1-a imply that the equivalent noise injected has a boxcar
like time structure, with average "switching" from one value to another which is roughly proportional
to operator input signal axis crossings. Assumption l-b is not imperative for this interpretation.

2. Nonsteady behavior of the operator. This concept is based on the notion that the operator's trans-
fer characteristic is essentially linear but time varying in some random fashion. The time-varying
p.orr:i.. ,[r the dO.-] moo tranfer function, ,AH(t); would possess a box-ca iike structure, and its rms

--ea ouidn v ,mcreace a l! -.,i!h !he L-" d 1.- !he tek. 71i epI'ivnlent open-!oot'
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tinie-varying characteristic, A.Y(g), would have an mis value not so dratically dependt upon the
taskc demands, possibly being nearly constant. Such a nonsteady ttansfer characteristic will act in
parallel with a describing function which is frequency variant only, its shown in Figur 16b.

3. An "anticipation" or agn function m, erating on the input signal in parallel withbaquasi-lincot de- -

scribing function. The portion of the operator's output due io the sign-functionk will bi a sque _wave c

of constant amplitude. 0
T The axis civossings will be identical to those of the error (operator'sinu)

As implied in the statement preceeding this recapitulation, there is little to choosre between. these-three
concepts in terms of the existing data on uncorrelared operator output power, ON thin basis all three are effectively
equivalent m odels. In addition, all "explain", to some extent at least, the quasi-periodic behavior observed on
time records of human responses.

When more detailed factors are examined, such as the point-by-point output time function check between
the Goodyear analog and actual pilot, the third (perfect parallel relay), desqcription becomes very enticing. Unlortu.
naely, this description is based upon only one set of controlled-clement, forcing-function characteristics. The
other remnant data could be explained to at larg,. c'ttcnt by such an ",nvticipaition" model (avid vice-versa, of course),
but a 1 , initiisg case tends to msake us waty of the outright assertion that this is the best model. This limiiting condi-
tion will occur when the tasl: is very difficult, so thot the parallel, nearly linear, describing fuuiction is very small
relative to KA(I,/oi),I the describitng function of the sgn transfer characteristic. Uiidler these conditions, the overall
operator describing function would tend to be a pure gain, with no reaction rime delay. For the Franklin F-80 studies
in loigitudinal control for w,. 1, 2 radians/second the describing function does appear to approach a condition where
it-is effectively a pure gain, whereas r r ck,-- 4 radianske.-cond for whichl ;.,I greater than for W,. - 1, or 2 radians/
second, Y,

With all of these uoints in inind, it is probably expedient for us zo assert that all three points have equal
mi-fit. Hlowever, we hold the followitift opinions:

1. V14e nonsteady model is best from the point of view thst the curve fits upon whirh it is bhonod %vere
the most adeqpuate ones made;

2. JIhe noise injection model is best from the scandpoint of simaplicity in usine, ilmc hypothctieal 1c
scribing function data for system stability predictions and general servo analysis;

3. Th.- parallel .sgii function, or perfect relay, model is best from the viewpoint of puint by point pre-
diction of the operator's output and in creating an intuitive physical view of the operator's -Actions.

B~ecause of the pp~lroximnate equivalence of the three models, as regards their manifest effects in the data,
a-4d th'e =-is~imra-ed above, we fePl dt h- "'!ctic v'iew is the most practical at this stage. iPy accepting
this vicwpeint, the choice of reminanit model can be left to the engineer or psychologist analyzing a particular proh-
1cm. The model can then be selected on the basis of convenience for the particular job at hand. Of cou'ae, duze
canrivi and rcstrairnL : nou"m I - ,'" IIId in t V.tcelhng die houndsu imposed ,y the rs[petirnntai conditiuns for innh
the models were originally derived. An experimenter's ingenuity would be challenged in designing appropriate ex-
periments to choose between the possible remnant models. The nonsteady model is most amenable to experimental
study.

In pair B3 of this section we were able to outline a hypothetical transfer function model which can be
used --- a rcsenable basis for em~de prediction in overall system calculatiotns. As matters now stand, this model
should be suitable for engineering analyses of system stability, and for use as a guide for system equalization syn-
thesis. This is die case because the reaction time delay and possible types of operator equalization within the re-
stricted adaptive form are fairly well tied down. These two items usually dominate the scene whe!n *ne is perform-
ing a stability analysis. The criteria that muight be used for edjusting the operator's variable parameters (leads, lags,
etc.,) are not known, but this state of affairs detracts little from the general statements above.

Now in this part of the section, it would be very rvice if we cou ld pregeribo a reasorphle remnant model
to go along -irh the hypc~rheri-,! -4nprivu and Pprimalizing transfer function. Unfortunately, the dearth of remnant
data and the dependence of that available on both controlled element and forcing function details make this impos-
sible. There is just barely enough data to allow us to make the above 5SLUtemerits on the probable equivalence of
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cannot be said of situations with dominant controled element dynamics, such as the !:-WI simulatr. On the other

hand, we can say that Elkid's higher c& tasks were nearing the limits of human capability.. Fot.r kAaijI ,Ns . -I
jects were unable to track the next hiher forcing function/ 0 , 4 cpa. Thegefose, it may not-he W PE nMaQ* eJ .. -

speculat L han aim equatiba of the form of (IX.), with somc more fund-mcntal error spectra quantity 3 iWte f..

f, will give a rough e~rimae of p, for a given task. If we accept aveiage error signal axis crosing,l a -ia- -

quantity (only as n guess, of co.rse), then Eq. (IX-5) can be modified to

(IX.13)

since in Elkind's case is approximately 2\/%/c for the higher cutoff forcing functions.
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H Soctlan X
PREFERRED FORM OF OPERATOR'S DESCRIBING FUNCTION IN4 COMPENSATORY TASKS

-AN INTERIM BASIS FOR MA'NUAI, C014TRCL 5Y$TIM-RM5

In the preceding sections of this report consideration was given to how the operator actually Performs in
particular tasks, and an adaptive, optimalizing model was hypothesized to characterize his behavior. This model
can probably be used with some confidcnc,. to predict qualitatively the performance of a given man-machine system.
While nil of this information is very useful in an analysis problem, it is also desirable, fer synihesis purpose. to
know how the operator should be allowed to perform, i.e., what is the best type of describing function for the humran?
If the operato: is more precise when he adopts it particular describing function than when he assumes other transmis-
sion properties, it would then seem desirable to design the nonhuman elements of~ the control system in such a fash-
ion as to use the human in his most competent role.

-To perform an intelligent controls design on this basis, the engineer requires a knowledge of an operator
form which is "preferred" from the standpoint of performance. To derive -in operitor characteristic which is presum-
ably the "best" for him to adopt, in the performance senrse, we can use data of two varieties. The first, of course,

istedeccribing flnCtiOn ....J w i.., w~1-c., pi-kracsy summarizcd. From these data we cndraw
some conclusions about those controlled element and forcing function conditions which rend to be more desirable
than others from the overal! system performance standpoint. ihen, having the desirable controlled element ond forc-
ing function conditions well in mind, we can go directly to a preferred form.

The second form of data giving us leads in finding preferred pcraunr characteristics is the experimental
determination of sonic system performance measure, oucht as tins error, ecc, as a iun uion of controlled elemcnt an.'

forcing function conditions. This latter approach, emphasizing particularly the controlled ceement characteristics,
has been used extensively by Taylo. nnd Birningham rind their colleagues [6,.7, 30,42 1. As a re:tilt of their efforts
using this approach, they hypothesized a preferred form ci operator model which is discussed in detail ii, Reference
6. Since this is such a lucid account, and because aspects of the Taylor-Birminghaia modcl 5till appear applicable,
some of rhe follow irg is taken verbatum fron that source. This sectiont is nor, however, a repeticion of Rleference 6
since we now have much more data to lead us to an appropriate model than was available to 13irminphamn and Taylor.
The section is more in the nature of an extension of later results into a framework which lbearn some distin~ct stinii-
laritic. with tlte l3irminghiam-Taylor hypothetical prefrred form model.

It: the preceding sections it was pointed oui that the human operator can be representcd by the followingtt,
outwardly equivalent, general forms!

C(jCO) Y(pCU)fI- 4 NQ(jt)
or

or

On a closed loop basis all of the above forms can be put in't -:t qantities which are more eassily measured (at least
by the quasi-linear methods), and which, in this sense, arc more fundamental. In closed loop form,

1111 4% (D_(X-2)

From the previvi~ data summarived in this report we can further say that thce remnant, 4,,,, term was of major fin-
portnnce in determin~fng thr a.r-ragc performance (such as rms error, time on target, etc.) while the Ilt~,term
was of greater imrnrranre in determining system stability and dynamic or transient performance. When we speak
c-f cracking precision in the usual sense, ?.e are concerned %.-Ith such thirgs as the rms tracking error, so the T
reduction of the 41_,. term is a major key to precision performance. Tb' intn ofteIpiu~ prtrlna

form for precise average control can then be said to be that form of , which minimizes 0,.- If the 4), term was due
to an operator induced noise which was uncorrelattod v.it ~, ! thr forcirm ! n!n rh- !-:-edig acn.1nt
would have little practical meaning since 4F,_ would be no function of Y.. On the other hand, if ',P is dependent upon
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- YP in some fashion, then changes in the contolled element transfer function calling for a different form of operator

j describing function should result in a change in 40., and hence in tracking precision. Q

From the preceding sections it is evident that -tculled element tknsfer characetrisdc.and fore"n1 .. . i
function conditions are the major quantifiable comporvents of task diffivulty. It is also apparent that the more"dif-
ficult" either or both of these characteristics become, the larger the remnant. All ol this 60 h. C12-J.;., r-w"M,,ee
of the fact that the operator is best when his task demands the least of him. This leaveSus. ithd'._roblem nLm . -

defining minimal demands. When this has been done, a r.tional design scheme ca, be presentedwhich will specify
the human operator's ole so that he will Renerate these characteristics at which ie is best.

Both of these problems, i.e., first defining a "minimum demands" operator transfer characteristic form
and then a consequent rational design procedure, have been attacked by Tay!or and Birmingham. Their premises
were made without the benefit of the mass; of data included in this report, but it is vorthwhile to present their argr
ment in detail a a ba:;ic for the subsequent revision to certain parts. In the words of leference 6, "It becomes,
therefore, a fundamental assumptiun of this paper that the more complex the human task, the less precise and the
more variable becomes the man. It is assumed that, within limits, the higher the number of integrations and/ot
ditferettiations required of the man the pooter will he perform, Convcrziely, it is hypothesized that the more the
liowrn oper tor is freed from the tasks of integrat;on and differentiativn the more regular and precise will become
the human outplt. Hluman control bchav'ior, it is asserted, reaches the optimum when the mar. becomes the analogue
of i simple amplifier (with pure time delay) as shown in the following Cqcrnion:

On(s) - Ke.Q(s) or 00(i i r) KO,(t) (X-3)

where I represents a value in time, and r equals the human reaction time.

"In iontrast to the poor performance of complex tasks hypothesized fot the human olerator is the fat:
:hat machints csn b'r 1'tilt to perform intricate c'mputat-nn3 wi!h irp h$ph prerkinn nnd low variahil;1Y. It

not. th't ~ rqa);lit nmd arc,tritcy art- not ohtained without effort. but for such tasks as double or triple integration
and/or differentiation it ;eems unquestionable that electronic or mcchanical cumponents can be nade to [,e more
,-recise and repeatalev than man.

"If this is the rase, and if preciino is required, it follows that when a man-machine system must inte-
grate, differentiate, -r prforn other higher-order computations, these should be supplied by the nonhuman comlo-
ia!nts of the !;y:,tem whenever possible. This is tantamount to sayiag that the human should be required to do no
more than operate as a simple amplifier, Broadening this nomewhat, adding to it a statement as to human bandwidth,
an.d i.rasing it as a general design principle, the following emerges: Design the man-machine system so that (1) the
b ndpass required of the ian never exceeds three radians per second and (2) the transfer function required of the naat
is, mathematically, always as simple at possible, and, wherever prncticalle, no aore complex than that of a simple
amplifier.

"In line with this prinriple two matters require general comment. ittst o ahi, it is essentiai to describe
a basic condition which must be observed if the ultimate intent of the design principle is to be achieved. Second, it
is necessary to answer mne obviou5 question of why, after designing the system so that only amplification is required
of the man, one should tint take the final step of dispensing with him entirely by substituting an actua[ amplifier in
his place.

"As to the first, in order to obtain optimum performance from the control system, it i," necessary, not 7
only to design the system so that amplificatiotn is all that is required of the operator, but it is also necessary to in-
sure that the operator adopts this, and no other, mode of response. It appears that when placd in a control loop,
the human goes through a trial-And-error process wherein he varies his transfer function until he achieves a condition
of minimum average error as it is reflected to him via the display. It follows from this that to insure the adoption by
the operator of a mode of action equivalent to simple amplatication, it is necessary to so design the non-human com-
ponents that the operator will achieve mifimwn error at the display when he acts as an amplifi . If, throug inad-
vertence, the design of the control loop permits the operator to reduce the displ-;;cd crror more by z--rirg as ,n inte-
grator, differentiator, or a combination of onr r more of these than as an amplifier, then, most certainly, he will do
so.
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"LI regard to the question of why the design principle doos not lead logically to empiying an amplifier
to supersede the man, one can only say that it does lead to preciscly that--wht.f a-,rJ is feasible. Under some
circumstances die best man.machane system design will Aemand the removal of the human fibm the syitcetI. But in ,
many other circumstances it would he impractical to autonmtize completely.

"Finally, in many situations, it is not feasible to aiiplify the Upitots- task -to-thepoidt 5-Qu#itr,
"

of him only simple amplification. In some systems the mn is used precisely because he-cars-do more-in a-tracking :
loop than amplify. In these circumqrances it would he self-defeating to attempt to carry the simplification roess.
too far. Thi-; would be true, for example, in the case of handlebar tracking systems which utilize the man, not only
as an eror detector and analogue computer, but as the power drives as well. In such cases, complete redesign of -

the system would be required if one sought to supplant the human element entirely. In these cases, one must he
satisfied with the more modcst, yet still very appreciable, improvements to he brought about through task simplifi-
cations which stop short of the ultimate."

11,' Hirm;ngham-Taylor thesis quoted above is given some detailed qoantitnative suplort in Reference
7, This paper reports the results of a series of tests where th,! operator is provided with instantaneous knowledge
of the effects of his own motions in such a w.y as to make it unnecessary for the operator to gencrate either a lead

term or an integration. In the actual experiment, the controlled element proper had a transfer function KIs, while
!h- -ff(u:'- e ct; llc-d Z ,c.,n, g;s sucr. by the pilot, could be adjusted to take either the forn,

KT Ms+ l)T3s + 1)

of K/51.

In the refere-nced exs.eriment a four-coordinate trnckir.g task was rmployed. The -,ubject manip'ulated
two joaysticks to keep within view rwn rar Per data on a twn-un cathode ray tube. Each dii was free to move in
both the vertical and horizontal directions.

"Painted in white outline on the face of the cathode-ry tube are two adjacent 2-inch squares which
served as the boundaries of cic utaiking arca. To position the spcot horizontally within the left squafe, the subject
IM-atipjlUiti Liti i iL S LiLk du dU11 C;c , *;;It M~U~ IIUMMLO, wiii IlA t I C vno UUiLwiing, 64c ansu sus. k was moved

bach atd forth. The spot could also be moved ftoni any position within the square back to center directly by a
moveme-nt which is the vestor sum of the horizontal and vertical components. The right stick provided similar con-
trol over the spot within the right square. The subject's forearms' were supported by armrests while tracking.

"In a remote room, an EASE (I'lectronic Analogue Simulating Equipment) computer was used to simulate
the ccntrol y-stc.m .hich included the three cascaded integrators in each channel (horizontal arid vertical for oilth
stickrl. The cxtariscatCr .- t in this room to observe and record the subject's performance on two cathode-ray ni,-

itoting scopes.

"Four experi.men.tal conditions were used. The conditions may be described as follows:

Condition A. Simulated system output is presenited directly to the subject who operates in one channel, Only the
spot in LIM left agune ,,:es and this only in the horizontal direction. It is controlled by left-tight movements
of tl.e left joystick.

Condition B. Again,, wmodified system output is presented directly to the subject, but in this condition he operates
irn two channets. Movement of the left spot, both horizontal and vertical, is controlled respectively by left-
right and back-and-foith movement ,f tie ieft joystick.

Condition C. The subject again operates in two channels with system output presented directly. The left spot is
free to move only horisontallty n the right spnt only vertically, l eft-right movement of the left joystick con-

trols the left spot, while b-ock-an-1-F-h movement of the right joysticknmoves the right spot.

Condition D. In this condition all four ch:innels are ;n operation. The sysem output is nor presented directly,
hrit instead the displa! had the lead terms add:d. Ln each channel the positicn of the spot is a function,
nor of systm, c urpu b tput Plus terms obtained fr- ek displacemen! nrd from each

of the inrerm-liate i:,itgraroi..
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"The subject's taskc was to hold system output at its intial vualue. Noise In the system and slight
initial displacements of the control stick from center catied the spot to drift-out-of the field in.5 to -15- seconds

P ~if the operator did not attempt to hold it." (These two inputs were the only -forcing function sources.]

square(s) on the cathode-ray-tube face. A rime-on-target score was used as the index of performance. The esper.-
menter selected the appropriate co ndition and told the subject which task he was to perf .o Irm. The experimenter --

S-7,alled to -he M~bject that the computer switch was closed, and stzwd a stopwatch. The subject tracked until
either (a) a spot drifted outside the bouridaiies of ic square, o. (b) two minute; of time elapsed. The subject's
score was taken as the number of seconds that the spot was held within the prescribed square(*)."

The results show that a majority of the subjects were able to perform the task perfectky with added lead
terms. Without the added lead terms thesc sunic sub.;ces were never able to control the dVL ht two dimensions.
though some of the subjects learned, over a period of time, to exert sufficient control of the dot in one coordirate
to materially increase their score.

in;c ---. 4 iiiret, the gvneral effect of allowing the operator to function as a simple amplifier
and pure time delay (though whether he actully did so Or not im, .1.4 s.iCcribing funIctieIS were "61,
meaisuied). As such, it adds to that considerable body of data taken on specific cracking, fire control, flight control
systems, etc. where "aided cracking'', "quickening", "null steering", "zero readinr", etc. terms, (similar to rhe

I.,,.d ,,.a iuti&,U- I&CCO -iddcd cQo idexnby tc thr p::ci:cion of control. These experiments are 'all consistent
with che Taylor-Birminghiarn hypothcsis advanced earlier in thi5 section thut !h'e operator should be allowed to op-
erate with a transfer function Ke"'.

Now that we have -Aummarized the Taylor-lBirmngham approach to the "preferred" operator characteristic
problem it b~ecomes appr-3priatc to discnuss po0USil ~ujjtic in rhu light of the data rcV;.We- .iti p!5ezzt! ;1

First, with regard to the "optimum" operator form, ic appears that some modification may be desirable.
There i- little question that the required preaence of lead terms in the onratnouur 1raunafer ch-caacteristic is connected
with an increise in the remnant, and he,,ce decre-ases the tracking precision. Direct evidence on this score is avail-
ableo fror.. the Franklin ;idRussell data. To some extent, the Goodyear stationsry simulator results also coritobortev
this statement, since or'. those tests the indifference thrcshold characteristic was associated with the preseoce of
the lf-ad term ini the nprtror. Based upon all of these data, then, we can conclude triat the "preferred'' operator
form should contain no lead equalization.

In kie general case with finite bandwidth forcing functions, the need to do sway with a iow frequency
operator lag appears questionable. For examplu, ;, P-lladata with variable controlled elements, he showed
chat the very beat performance, ir- teis of rms tracking error, in RII his tests cwcurred when a hfir havinig a tran- s-
fer function of I/(Ts + 1) was inserted in the postfliter location (to smuooth the high frequencies of the remnant power),
and then a lead-lag of (T's + l)/Ts + 10) in the prefilter position to cancel out the lag introduced by the poatfilter.
The net controlled eleme:it traitei function, for a T .5 seconds, was Y. = /(.05S 1 1). This controlled element
transfer characteristic was shown in other tests to be effectively that of a simple tracker. The human transfer
characteristic which existed with this controlled element configuration is best approximated by Y", - K~e- At~r: + I,
and the mein square error was reduced about a factor of two below that of the simple tracker. In addition to these
data, Ruqsell also showed that insertion of a lag in the controlled eleiaiens characteristic (to efterrively "replace"
the operator's lag TI), with or without a lead in the controlled element, resulted in more output noise power than was
the case with Y, 1. From these data we are led to suggest:

*The brai lot Yps whiuh we have upeei'tled ia &.e simplest reasonable forn. Were we to attire for a more general form we would

choose either Equation (V-40): 11P A e-"(aTI )__Euto (-2;Y -4-l~ ) I ot aete hiei
orj Eq sro 4V 4 ) 1', (Tt + InN m os Ia)e th ch i

a matter of taste (see footnote to the discussion followin~g Equsricz (Y 40) ia Section V), and the preseace of lead terms is not
strongly supported by the data.
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~(1) A low frequency operator lag term is desirable, at least when a focci~ng fuAc~tion is1 prestat, Further, [
r ~~interpreted in terms of "effective" desirable contrlled element c.havateristica, the %b ovt dea also .........

support the premise that: .. .. _ _.: .

N (2) The overall controlled elementq transfer characteristic should appeow to be somparhere-_brtwcen_ " "

X ~ ~~~(X-4) .... ...

(3) The postfilter can be made effective as a filter to attenuate high frequency, remnant power. This
will probably be most effective in those instances where a dithe!r signal is an important aspect of the

remT~nafnt,

Te above suggested modifications to the "simple amplifier" preferred form is a relatively minor change.

On the other hand it should be stated that consideration of forcing function effects on the remnant can result in much
more important modifications. Much of the background for the Taylor-Hitminitham thes is was based upon forcing
functions which were either non-existent or composed of extremely low frequency componriars. We can, however, con-

sider the modifications imposed ,npon the preferred model by higher frequencey forcing functions by the following| rea-

qoning:

(1) The modified preferred upernror model should be of the form Ke"'IrJ/s + 1); or alternatively, the cf-
fec;tiye controlled element shtould be essentially a perfect tracker,

(2) Under tht:e Wnoditio[1s, we can tc.,o~t directly E0 Elkind's data to find the effects of forcing (unction.

Following these points through, we can see from Figutre 30 that it is desirable to have as low a bandwidth forcing
tuncti;-a us possible, and harther that the rns etr expected will he approximately proportional to the square of the
effective forcing function bandwidth. If we would prefer to establi~h "gou-J" low frequency system response to the
forcing (unction as a criteria, i.e. high dc gain, we woud like to restrict the forcing function bandwidt to .soie
value s'omewhat less than that equivalent to a rectangular forcing finction spectra cutoff of 0.64 cps. [This is based,
of course, upon the somnewhae arbitrar criterion that a dc gain of 15 db or so yields "good" low frequency response
of a system having the overall open-loop transfer function Ke*'rs/(7[s + 1). In any event, by accepting the above modi-

fications to the preferred form, one can use Elkind's data directly to get a firm notion of the beat expected system
performance,

W/ith regard to the restr of the Birmingham-Taylor design procedure, it catt be considered to be generally
valid if tho!be, preferred form and forcing fv'm.ction comnyouats are inserted. 1/his leads us to the i=."n.wing ,, ,g-
gested design procedure:

1. Adjusto the effective controlle,! element transfer function to that of a simple tracker, i.e. within
the limits (exclusive of gains):

II

S(X-4)

c. In this adjustment du~e care should be taken to filter as much of t.he operdr high fre-
quency remnant power as is possible in the circumstances.

h. The airagemen of equalizing elements, etc. used in modifying the initial controlled
element to that of the foa above should be such that the operator iput bandwidth is as

small Ps praCtireble:

The term "adjustment" as used here mets the addition of equalizing devices into the system in such a way as to make the
effective controlled element the form hotn above. These equalin g moens can M ist of e eie rat pal compwesrtins

weorks, additional loop closues, etc. These ate all tcesati tard servo techniques, and need as be oifussed hete.
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2. l7e human transfer characteristic wil ten be o tne approximattr fotil

0. Whien the actual system forcin; function is pot into the -fop 6-fon"fqt~Y!ocp:
function opecrating on a simple tracker system (which can be-done. with rheAid of-&.little......
block diagrati algebra), then the "effective" forcing itu crion spectra cain b-foiiid. lmn
Elkind's data as approximations to this forcing function, upper bound estiatres for K. and-
lIT crin be niadt uin die forciog functicil spcctral chataCteriariCS.

7.1Te remnant icharacterisrics can also be estimated using either of the remniant models
previously fitted to Elkinri's datn to obtain lower limits for the t.r'nnt power.

3. Using these items of information, the system performance can be estimated in detail by normal se-vo
incthods. The quantities obtained will always be optimistic since the basic (Elkind) -perator data used
in the analysis is probably an upper limit of human performance.

T'he approach outlined above is our best estimate of preferred operator forms extended to at rational design
procedure. It wouid not be realistic, however, to asserr that the procedure should be used indiscriminately. 'There
are several possible pitfalls that should be mentioned. The first, andi most obvious one, is that of application to
areas beyond those where the fundamental assumptions used in the derivation of the model are valid. For example,
the system should be one where the operator is continuously tracking only visunl inputr on his display, and other
inputs (including those effectively "set" iato the operator by past extperience), must be negligible. The second pit-
fall is commonly encountered in servo practice, and involves the problem of system reliability and cmver-coniplication.
A'- an rxanple coneider the cane of vs laou.ia,: pilet-airframr' system, where, of cour',', inpurn "net" inth rh,-.vr
Rre not negligible in generail, nithough we mav disrcearI them in eciiil ins-tvinceq. The effective cointrolled element
trautiset (tuiction, i.e., the equivalent airfta;r.-, can be put, at least ap~proximately, into the form wherw X 1. This
could he done by judicious design of artificial fccl systmcmmm, stability Ruglikenners, and comprmsution of various aorta
in a display. Presumably everything would be satisfactory and a relatively naive opevator t'.uld "'lV' th iijw Af
quite well. However, the instant somet element of the system fails, all bets are off, -thme effective controlled etc..
ment is no longer apptuximately free of dyiiamics, and the possible overall effects could be catstropic. On thia
same point, we should further note that the application of this design proccodurz can oftca result in an overdesigned
system. An important matter of judgment is the ability to recognize when a control system is good enl.,- 1.
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Sint6ol XI

COMPARISON OF COMPENSATORY AND PURSUIT TRACKING -

A. INTRODUCTION ---

In the body of this report we have limited our discussion almost exclusively to c6mpenseoty-rackins.. .
The reasons lot this are: firstly, most manual control devices of practical importance embody a compensatory dis-
play; secondly, most previous rekieatch concentrated on compensatory displays; thirdly, it is extremely difficul to
measure open loop describing functions in pursuit tracking, and. this has not yet been done.

In Section I we presented a discussion of pursuit and compensatory trackitng. As can be noted by refer-
ring to the block diagrams in Figures la and b, the basic difference between pursuit and compensatory tracking
(in the framework of a lincar model), is that the operator generates one describing function, Y, which operates on
E(s) in the case of & compensatory display; and two describing functions, Y,, which operates in 1(s), and Y,, which
operates on E(s), for the pursuit display. This additional describing function provides the operator with the oppor-
tuniry to improve his adaptive and optimalizing behavior. Equationx (1-1) and (1-2), which are (epeated here [as
(XI-1) describing compensatory tracking and (XI-2) for pursuit tracking], indicate how both C(s) and E(s) may be
modified by the availability of two describing functions instead of just one.

C(x ) - 1 + Yp(s)iYCs)

As ) - Y(s) Nk(s)

E 1,s (S) = ~ ,() i-s +X-

S 1+ Y'(s)Y(s) Yel-)

Io(, - Y, (s YW s) Y(s) N,(s

Ei(s) I + y ,(s) X.(s) -X - )

B. COMPENSATORY VERSUS PURSUIT TRACKING WITHOUT HUMAN DYNAMICS MEASUREMENTS

rhe possibilities implicit in Equation (XI-2) have been sensed on a more intuitive level by Poulton,
Senders and Crucnes Chernikoff et al., and others, and many experiments using various forms of average error cri-
teria were performed [17, 18, 19,63, 6, 721. Poulton Ipmonstrated 1641 that the tracking of a compensatory display
error alone could be improved considerably by adding a pointer driven by i(f), the forcing function input. The addi--
tion of a pointer driven by c(t), the operator's output, had no significant effect. Senders and Cruzcn (721 conducted J
an ingenious experiment to compare pursuit and compensatory tracking as well as contrived combinations of the two.
Pursuit tracking was always better, and the reason given was that the display provided more information on which
the operator could base predictive actions. This is, of course, a verbal statement of the meaning of Fig. 3b, and
Equation (X-2). A series of recent reports by the engineering psycho2 '.,ists of the Naval Research l.aboratoiy has
been devoted to comparisons of pursuit and compensato;y .,acking for problems with and without dynamics, with
different types of aiding, and with different course frequencies. Almost invariably pursuit displays have been
associated with lower tracki,:g errors. An interesting exception is p!Tsented in (82] for a course composed of three
sine waves of frequencies approximately 0.28, 0.47, and 0.70 radians/&,econd, and whose respective amplitudes were
inversely rroportional to thcbc ifrqut ... TLc ii.anual control was a flexible steel bar and the contr! element
dynamics could assume one of the following forms:

(a) Y, 1

(b) Y, -

05
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The pursuit display resultedl in less error for Y,=4s, but the compensatory display was more acrt
for Y, 1ks and for Y, (0.5 s + 1)/4.Jilte etmetial icason advanced by ernkaff at &I. in Rkereace 19 (92 the

superiority of comupensatory rrilboj h 0,-.nY apauided vlizi (bYahdmokjdfft!A0 faf a( 7
dynamics made the tasks *0 vbjpcr~raufct nieeded no Iggre iifo;_t~to h.weyqddm~er
cud %lone. Thse gidlIal information he the pursuit display was deemed gratmitous, gewd, into 4M te

since we do not have measures of either describing functions or err sas fo the NRL datit-lieseeid nRfr
ence 19. Cherhikoff et ul. make the procedural point that many pursuit vs.-compensatory tracking comparisons wre.--
not adequate since rarely are both dispIesys used in an optimum fashion. Since, from a practiral viewpoint.-the
compensatory display allows a greater e--ror magnification for ak display of given physical dimensions, and the pur-
suit display has the advantages inhertn= in Eq. (XI-2), it appeals thaii tracking displays, either presently or in the
near future, will eniphasivoo an empirical mixtu:re of crnpensrtnry and pursuiit components. This is much as Poulton
implied and Senders and Cruzen achieve. d.

C. COMPENSATOrZY VERSUS PURSINIT TRACKING WITH MEASURED HUMAN DYNAMIC~S

The only )4ktfk i~n te arnmvupawion .if compensatory and pursuit tracking from the viewpoint of human
dynamics were obtained by Elkind f 231. The experiments of Elkind described in Sections V and VII were, save for

one minor example, carried out for pwra dt as vell as for compensatory tracking. It is not otir purpose to present
rlIkitid' pursuit dat., 6- the name 'ietsil as the data for compensatory tracking. We will attempt to point up similar-
ities and contrasts, snnd ltavA it to the r-reader to refer to the original source for further detail. Since the open loop
pursuit system desczibing function woolod have been obtainable only after great difficulty, only ..loeed loop functions
are available.

In Sectron Vii we _2ifhma1?=d F.lkind's finidinigs 'n the vuriabiliry of the closed loop describing function,
I(/), auld g.!a(ive Op. and1 PR,. siullfeit Ws C-Sufeti.lI) ..-. lifuience in the .. nla~o~of the variability study

for conipccisatety tracking frorn the conc-lunions tot puruit trac.king, the discussion in Section Vil need not he ex-
tended in tdii SeLcWu.

In Section V vie presented che general experimental results for Mlind's experiments: 11 - Amplitude,
Ill - Bandwidth, and IV - Shape. The paursuit tracking parallels for these expesiincts were procedurally identical

except that the pursuit display enabled -the subjects to track a 4.0 cps cutoff rectangular spe-ctrum which was im-
possible with a compensatory display. Ve w'in discuss these experiments in ordci.

A
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Experiment 11 Amplitude

In Figure 148 mean closed loop describing functions for each of the three tin Paplitutwa 01, 0,32ad .

1.0 inches tins are shown. This figure is the comparison pietie to 1igure 28,- Several _dlff~eu e ha¥*)i... -

phase Ing for the pursuit tracking Js much less than for compenwstojrp-ttrLcing, andthema.aitde-Lri(f)dira s . .

sharply with frequency in the pursuit case as agiinit a mild incre fat p kor g.Thee - wo obsera--

vations indicate thai-the human operator is acting as a predictor, and this behavior charactedzegs.prspirt..tacting. -

Also, the extent of the invariance of the closed loop describing function H(f) with input amplitude is not as great

for pursuit tracking as it was for compensnatry tracking. For pursuit, we are limited to a measured 10 db range

from 0.3 to 1.0 inches rins, as compared to the measured range of 20 db for compensatory tracking. There is reason

to believe that these annges may be extended on the high end. A perceptua! problem in extracting the -derivative of

i(t) fair very small amplitudcs may be at the root of this. We cannot blame a manipulatory response for the difference

in the response to the 0.1 inches rms amplitude input since the manual tracking respon-ses for tompensatory and

jpuxsuit arc Owc a"nce.

....... -o- AI (1,0 rms)

A2 (0.32' rms)

-- A3 (0.10 i-m)

b. o-

9.,0

Figure 148. Effect of Amplitude- Mean .
Closed Loop Describing Functions. 5 5 £6.

(Reference 23, Fig. 4.6a, b.)
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Exprimmnt III- Ban~dwidth

-h sI;e xcauats (see Section V and4 Referqnpe 23) ia~y be sorms.AcP 0-1.o~ ~J4 ~ee
~comapson 9f eqmensatory and pursuk ci n~co L 4 es~bi j cjnsk 1ctnr h g

funct!h;.. of cutaft firequoncias from~ 0. 16 to 609 ips., Fig-lte 150 pasent;, a sinl.cw,*O II6ff r;qR_
cis-o 0.96 to 24.f a n co~pnpA~tq Lakfgywii j ~

by the subjects. As was noted before, the pursuit describing functions indicate -the Presence of a lieft 1'mi *?I
* - :rackei ' utput.

R.* L16 -- R.24 -6- R.40 -4-R.64 '--R.?6

IN__________

a.g mstr. b, Pursuit.

Figure 149. Comapaison of Closed-Loop Describing Functions fot 13=nd-width Expeamfiric.
(Re/erewee 23, Figmes 4-7 ab ad 4-9 ab.)
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(R frec 23. Fg rs.-tbad410 . ) . ...
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liii ii; -i__ _ tilllly

(Reernce23 Fiurs 48 ~b nd4.1 ab.
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Experiment IV - Shape

The desc:.ibing function obtained with the set.of RC fi t4d.JU.t. speCtra 4 tuuit_. .. _ -a .O -

j- (see Figure 27) axe presented ia Figure 151. The d'.fewitccs bexwiea.,ntiini futl. n for the two-ft -l -

ate in the same direction as we might axp&eGa t v Seeiig te prevliu, data. Similaly aft examination of --d ..

band and band reje& -spectra demonstrates the lower phase lag, and gra'- e -- i * "

The most striking demonstration of the prediction ability of the human operator "; obttined. with the bandpaa in-

puts, 13-7 through B-10. As Elkind notes, bndpass random signals closely resemble a carrier modulated-in both "

amplitude and phase by random lioise. In pursuit tracking the human opcrator can extract this carrier from the input,

as it were, and synchronize his response with it. The compensatory display does not allow such predictive ability.

.Yigure 152 illustrates this effect.

~0.

--..-- Fl - F2 .-o- F3 .4 F4

toxi

,.>. "t ...... ..... j, I i J
.J ... JV ..I .... .i ... .i- ' ... . i I ___ _ /

- a .. .... . . 6. P ursuit.

Fiur 151 Coprsno lsdLo eciigFntos or Shap e Exeiet

II

00 _ .. 0 ,,., : . .- _ . . o..0 -.. . .. ..<,

a. Compentsatory. 6. Pursuit.

Figure 151. Comparison oi Closed-Loop Describing Functions for Shape Experiment.

(Re/c.,ence 23, Figures 4.13a.b and A.14 ab.)
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Figuc 12. omprisn o ClsedLoo DecriingFuncionsm for Shape Experiment, Selected Bands.
(Rfrne23, Figures 4-19ackb oid 4-22 ab.)
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Linear Correlations and Error Spectra

Save for an =ception in Experiment ill for input R2.A, the error spectra for prSuit uacking had Lower
values than the corresponding spectra for compensatory systems. The li-ent Enrrel-tionasquared, p2, wa; : -owwhat
smoother and higher for the pursit system than for the compensatory system but there were no striking differencs.

In Experiment-UH the 0. 1 inches rms amplitude run of Fjgure 153 was evidenly itiffcere.t frain the* her

inputs in the experiment. Figure 154, a comparison piece to Figure 52, illustrates the deterioration in p2.as the

task difficulty increases.

A4 A2 (0.320 rinr)

-O.- A3(0.1'rrm)

Figure 153. Linear CGasitioa Squared for Study of an Input Amplitude.
(Reference 23. Figure 4-6c.)

--o- R.16 --w- R. 24 a R._40 R.64 - R.961 .6 V R2.4 79- R40

Figure 154. Linear Correlation Squared for Study of Bandwidths.
(Relerence 23. Figures 4- c mid 4-JO c.)
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M 0 JIl.is

As can be seen from Equation (XI-2) and Figure 3a. the extraction of Y and Yf In an exPerimental.
problem. Elkind -suggests chc following technique, but underatandably ie did not carry it out. The math tuggeated
is to add to (0) a second noise input !-(?) which Is statistically independent of i(t),-haviag a spectrum.similar to
4RI'(fa), and a small rmplitMe. Presumably, this additional inputsigoij -w6uild ntt change ihe opeiatos piarsuit -
tracking characteristics. Using Equation (111-52), toeasuring the power spectrum Oi,, and 0j.,, it would be possible
to obtain Y,. Finm Y and the cloted loop describing function H(w), obtained from (XI-2),

H( .) -- (Y A-3)

it would be possible to compute Y,.

Elkind has Associated a prediction element with Y, and in his notation PiGiYpi,, and P,;3= Y, (see
Figure 155, which is equivalent to Figure 3W). lie then proceeded to cr.stzuct a rc,-onable G, from step r4..sponses,
ting th. I:g, -, measur d in compensatory tracking. G2 then was approximated by tht ' ' scribinp function
of the compensatory system. Using a minimum mean square error criterion and the fo -' -- ions:

(a) the human operator maker use of only input displavement and velocity to
predict the input;

%b) the human operator does not conqider his own noice when establishing an
optimum P1;

(c) G, can be neglected when computing P,.

Elkind was able to approximate P, by P,(f) b+ b,2rrif), which only applies to low frequencies.

,((f) 71(/

Figure 155. Pursuit Tracking Configuration with Unity Controlld Element Dynamics.
(Reference 23, Figure 5-10.)
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Within the limits of these assumptions, Ice., in particular a simple tracking task, and G2 AdU, the equit-
tiou of PiG, to H produces a good fit for the RC filtered input, P1. Considering the tenuoua assumptions, the o0J
fits were sixrprisingly good. Usually, the prediction demonstrated by the human operator falls GhQAt of the PIuSa.
square optimum; and it in postulated that noise in the visual process causes this degadation. Slic'r-hee W! e no

direct t ,s$renenrs of the describing function associated with pursuit tracking, ftrher elaboration it tentous rt~
this time. -

Our summary statement on pursuit tracking could be no more than a xepetition of the Elkind sults
which clearly demonstrate the advantages, and litis, of the human operator's predictive abilities, the resulting
phase response, and the attendant overal! improv'emeat in performance.
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